JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 104, NO. D11, PAGES 13,791--13,823, JUNE 20, 1999

Global concentrations of tropospheric sulfate, nitrate, and
ammonium aerosol simulated in a general circulation model

Peter J. Adams and John H. Seinfeld

Department of Chemical Engineering, California Institute of Technology, Pasadena

Dorothy M. Koch

National Aeronautics and Space Administration Goddard Institute for Space Studies, New York

Abstract. Global sulfate aerosol composition is simulated online in the Goddard Institute for
Space Studies general circulation model 11" (GISS GCM Il-prime). Four sulfur species, hydrogen
peroxide, gas phase ammonia, and particulate ammonium are the prognostic tracer species, the
emissions, transport, and deposition of which are explicitly simulated. Nitric acid fields are
prescribed based on a global chemical transport model. An online thermodynamic equilibrium
calculation determines the partitioning of ammonia and nitrate between gas and aerosol phases,
and the quantity of aerosol water based on the temperature, relative humidity, and sulfate
concentration in each GCM grid cell. The total global burden of sulfate, nitrate, ammonium, and
aerosol water is 7.5 Tg and is most sensitive to changes in sulfur emissions. Tropospheric
lifetimes for ammonium and ammonia are 4.2 and 0.9 days, respectively; the tropospheric
ammonium burden is 0.30 Tg N, compared with 0.14 Tg N for ammonia. Simulated ammonium
concentrations are generally within a factor of 2 of observations. Subgrid variability in measured
concentrations hinders comparison of observations to predictions. Ammonium nitrate aerosol
plays an important role in determining total aerosol mass in polluted continental areas. In the
upper troposphere and near the poles, cold temperatures allow unneutralized nitric acid to condense
into the aerosol phase. Acidic aerosol species tend to be neutralized by ammonia to a greater
degree over continents than over oceans. The aerosol is most basic and gas phase ammonia
concentrations are highest over India. Water uptake per mole of sulfate acrosol varies by two
orders of magnitude because of changes in relative humidity and aerosol composition. Spatial
variations in aerosol composition and water uptake have implications for direct and indirect

aerosol radiative forcing.

1. Introduction

In recent years, substantial progress has been made towards
understanding how airborne aerosols, especially sulfate,
influence the Earth’s climate and atmospheric chemistry
[Intergovernmental Panel on Climate Change (IPCC), 1996;
National Research Council, 1996]. Sulfate aerosols directly
perturb the atmospheric radiation balance by scattering
sunlight back into space. Sulfate particles are also an
important source of cloud condensation nuclei (CCN), and the
number and composition of sulfate particles help to determine
resulting cloud properties. In such a way, changes in aerosol
sulfate may indirectly perturb the atmospheric radiation
balance by influencing the optical properties of clouds.
Determining the magnitude and geographical distribution of
climate forcing from sulfate acrosols is one of the key
outstanding issues in assessing anthropogenic influence on
climate. The aerosol sulfate anion is just one of many forms of
atmospheric sulfur, including sulfur dioxide (SO,), dimethyl
sulfide (DMS), methanesulfonic acid (MSA), hydrogen sulfide
(H,S), carbon disulfide (CS), carbonyl sulfide (COS),
dimethylsulfoxide (DMSO), and dimethyl sulfone (DMSO2).
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Most anthropogenic sulfur is emitted into the atmosphere in
the form of sulfur dioxide by activities such as fossil fuel
combustion and biomass burning, although a small amount is
emitted as sulfate as well. Volcanic activity is a small, but
important, natural source of sulfur dioxide. The largest natural
source of sulfur, however, is the flux of DMS from the oceans.
The biosphere is also a source of a variety of reduced sulfur
compounds. DMS is oxidized in the atmosphere by OH and
NO; radicals to form sulfur dioxide as well as MSA and
DMSO. Sulfur dioxide oxidation to form sulfate occurs either
in the gas phase by the OH radical or in cloud droplets by
hydrogen peroxide (H20;) and, to a lesser extent, ozone.
Predominant sinks of atmospheric sulfur inciude wet and dry
deposition of sulfur dioxide and sulfate, leading to lifetimes of
about a day, in the case of SO,, and 4-6 days for sulfate. A
significant amount of tropospheric sulfate occurs as part of the
sea salt acrosol. These particles tend to be sufficiently large,
however, that they have a much shorter lifetime. As a result,
sea salt sulfate is typically excluded from consideration as a
part of the tropospheric sulfur cycle.

Sulfate aerosols typically contain substantial amounts of
condensable gases such as ammonia and nitric acid that exist
in particle form as the ammonium, NH4", and nitrate, NOs", ions,
respectively. Besides contributing to the total aerosol mass,
the quantities of ammonium and nitrate in the sulfate aerosol
affect the amount of water uptake at a given relative humidity,
and also influence the optical properties of the aerosol via the
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refractive index. The composition of the aerosol therefore plays
an important role in both the direct and indirect effects on
climate.

At thermodynamic equilibrium,
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the amount of water
in an aerosol particle depends on temperature,
relative humidity, and composition [Seinfeld and Pandis,
1998]. For example, at 298 K and 80% relative humidity the
volume of an aqueous solution of sulfuric acid is about 5.5
times greater than its volume at 0% relative humidity, whereas
the volume of an ammonium bisulfate particle is only 3.5 times
greater. If metastable equilibria are considered, water uptake
also depends on the history of the particle. The reason the
particle’s history plays a role in water uptake is because of the
hysteresis effect in which the relative humidity required for a
single- component dry solid particle to deliquesce is higher
than the relative humidity at which an aqueous droplet
The deliquescence and crystallization relative

crystallizes.
humidities depend, in turn, on particle composition. An

ammonium sulfate particle crystallxzes at 40% relative
humidity, while ammonium bisulfate retains water to much
lower relative humidities. For multicomponent mixtures the
deliquescence and crystallization behavior is even more
complex. Whereas the size a particle attains via uptake of
water is influenced, as described above, by its composition, its
refractive index is also determined by composition. Sulfuric
acid is more hygroscopic than ammonium bisulfate or
ammonium sulfate, but ammonium sulfate has the highest

refractive index of the three. The overall climate forcing

P‘FF(‘IPH(‘V of sulfate aerosol increases with both
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and retractlve index, so that the higher hygroscopicity of
sulfuric acid is partly compensated by its lower refractive
index and vice versa. For example, Boucher and Anderson
[1995] found that at 80% relative humidity, the climate forcing
efficiency of the sulfate ion is —132 W g SO,% for sulfuric
acid, -104 W g SO4* for ammonium bisulfate, and —125 W g*
SO4” for ammonium sulfate. The degree to which sulfate is
neutralized by ammonium therefore can influence its climate
forcing efficiency by more than 25%.

Beyond modifying the hygroscopic and radiative properties
of sulfate aerosol, ammonia and nitrate merit study for their
own reasons. Ammonia is the only base present in sufficient
quantities to neutralize a significant fraction of the sulfuric and
nitric acids found in the troposphere. As such, it plays a key
role in determining the pH of cloud condensation nuclei and
precipitation. The pH of the atmospheric aqueous phase affects,
in turn, the rates of several important chemical reactions. Since
it has been estimated that the anthropogenic contribution to
the ammonia budget is nearly 4 times the natural contribution
[Bouwman et al., 1997], this has created interest in two effects
of ammonia and ammonium deposition on the biosphere. Such
deposition increases the supply of fixed nitrogen available for
plant growth and also, somewhat paradoxicaily, has been
implicated in soil acidification [Galloway, 1995]. Finally,
since the rate of nucleation of the ternary H;SO4-NH;-H,O
system is estimated to be several orders of magnitude higher
than that of the binary H,S0s-H,O system [Coffman and
Hegg, 1995], the rate of new particle formation in the presence
of ammonia might be influential in the marine boundary layer.

Important anthropogenic sources of ammonia include
emissions from domestic animals, fertilizer application, crops,
and biomass burning [Bouwman et al., 1997). Emissions from
the oceans, undisturbed soils, and natural vegetation are the
primary natural emissions of ammonia. Once in the atmosphere,
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gaseous ammonia may absorb into the aerosol phase,
especially in the presence of sulfate, to form the ammonium
(NH,*) ion. Both ammonia and ammonium are removed from the
atmosphere via wet and dry deposition. Like sulfur dioxide
and suifate, they have short lifetimes of about a day and
between 4 and 6 days, respectively.

Aerosol nitrate is formed from nitric acid, which can
dissolve directly in an aqueous aerosol solution or react with
ammonia to form ammonium nitrate aerosol. Atmospheric nitric
acid is the oxidation product of NOy and is therefore found in
areas with high emissions of NO,. Fossil fuel combustion,
release from soils, biomass burning, and lightning are the
primary producers of NO,. By serving as a reactive odd
nitrogen (NO,) reservoir, nitric acid couples aerosol dynamics
to gas phase photochemistry. Modeling nitrate aerosol will
aliow this coupiing to be examined in the future. Moreover,
nitrate aerosol contributes to total aerosol radiative forcing on
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a regional basis.
nitrate alone has been estimated to be as large as -0.8 W m? in
western Europe [van Dorland et al., 1997].

The tropospheric sulfur cycle has been modeled extensively
in global chemical transport models (CTMs) [Erickson et al.,
1991; Langner and Rodhe, 1991; Pham et al., 1995, Chin et
al, 1996; Kasibhatla et al., 1997], and also in general
circulation models (GCMSs) [Penner et al., 1994, Feichter et
al., 1996; Lelieveld et al., 1997; Kjellstrom, 1998; Roelofs et
al, 1998; Koch et al., Tropospheric sulfur simulation and
sulfate direct radiative forcing in the GISS GCM, submitted to
Journal of Geophysical Research, 1998, hereinafter referred to
as Koch et al.,, submitted manuscript, 1998]. All of these
studies focus on total mass concentration of sulfate particles,
ignoring the ammonium, nitrate, and water that also comprise
the aerosol.

Several studies have been made of both the direct and
indirect radiative effects of sulfate aerosols. Studies of the
direct effect may be roughly divided into two categories. In
the first category [Charison et al, 1991; Mitchell et al.,
1995a, b; Mitchell and Johns, 1997] the direct effect of sulfate
acrosol on the atmospheric radiation budget is parameterized
as a change in the planetary reflectivity proportional to the
sulfate burden [Charison et al, 1991]. In this category of
studies, a uniform empirical value of the sulfate mass scattering
coefficient is used. Assumptions about the size, composition,
and water content of the sulfate aerosol are implicit in the
choice of the value for the mass scaitering coefficient, and
therefore, using a uniform value ignores variation in these
properties. In a second category of studies of the direct effect
[Kiehl and Briegleb, 1993, Haywood and Shine, 1995;
Chuang et al., 1997; Feichter et al., 1997, Haywood et al.,
1997, van Dorland et al., 1997, Haywood and Ramaswamy,
1998], Mie theory is used to calculate the optical properties of
the acrosol, which may then be used in a simple radiation
scheme such as that of Charison ef al. [1991] or, more often,
serve as input to a GCM radiation calculation. Aerosol optical
properties depend on aerosol composition, size distribution,
and water uptake. Table 1 summarizes various assumptions
made in Mie theory calculations with regards to these aerosol
properties. Typically, the aerosol has been assumed to follow a
log normal size distribution. The degree to which sulfate is
neutralized by ammonium has been assumed to be uniform
throughout the troposphere, usually in the form of ammonium
sulfate. Except for van Dorland et al. [1997], who assumed
that 50% of boundary layer HNO; and 25% of free
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Table 1. Summary of Assumptions Made About Aerosol Composition, Water Uptake, and Size Distribution in
Calculations of Direct Radiative Forcing

Hysteresis

Size Distribution

Reference Composition RH

Chuang et al. [1997] assumed water uptake based on
(NH,),S0, Kohler theory

Feichter et al. [1997} multiplied [SOs) by assumed 80% constant

1.46 to account for

bound NH,

Haywood and Shine [1995] assumed uniform growth factor
(NH,),SO, of 1.32

Haywood et al. {1997] assumed growth factor based on
(NH,),SO, GCM RH

Haywood and Ramaswamy [1998] assumed growth factor based on
(NH,),S0, GCM RH

Kiehl and Briegleb [1993] assumed 75% ARH) from

van Dorland et al. [1997]

H,S0,, 25% H,0

assumed
(NH.,),S0,

observations, monthly
mean RH from
ECMWF

Two cases: 80%
constant; prescribed
Oort {1983] in lower
troposphere, fixed at

optical properties
averaged rising and
falling RH cases

Three cases:
ascending RH,
descending RH,
linear interpolation

linear interpolation

assumed lognormal
rm(dry)=0.05 um 6=2.0

assumed lognormal
rm(dry)=0.07 pm 6=2.03

assumed lognormal
rm(dry)=0.05 pm 6=2.0

assumed lognormal
rn(dry)=0.05 pm 6=2.0

assumed lognormal
rm(dry)=0.05 pm 6=2.0

assumed lognormal
rm(dry)=0.05 pm 6=2.0

assumed lognormal
ra(dry)=0.021 pm 6=2.239

50% in upper
troposphere

ECMWF, European Centre for Medium-Range Weather Forecasts; GCM, general circulation model; RH, relative humidity.

tropospheric HNO; occurs as nitrate aerosol with the same
optical properties as sulfate, nitrate has been ignored in
calculations of the global radiative effect of sulfate aerosols.
Many of the studies treat water uptake by the aerosol as
unvarying throughout the atmosphere, either by assuming a
fixed relative humidity or by applying a uniform relative
humidity growth factor. Therefore Mie theory calculations
have also made assumptions about the composition and water
content of the sulfate aerosol, and ignore spatial variations in
these properties.

Previous work indicates that an online GCM model of
sulfate composition, including explicit treatment of ammonium,
nitrate, and water, will lead to more realistic estimates of the
magnitude and distribution of direct radiative forcing than
those that result from imposing assumptions of uniform
composition and water uptake on sulfur-only concentration
fields. For example, van Dorland et al. [1997] estimated that
the global and annual average direct radiative forcing from
sulfate aerosols is —0.36 W m? assuming a uniform relative
humidity of 80%, but only —0.32 W m? taking into account
local variations in relative humidity. Although this is a small
effect when globally averaged, locally the effect of relative
humidity was larger. Whereas the effect of relative humidity
variations may be small when globally averaged, this
averaging disguises large differences in the spatial
distribution of forcing that cannot be determined by
radiative calculations that assume a fixed relative humidity. As
mentioned above, sensitivity tests on the ammonium content
have shown that it has more than a 25% effect on sulfate
forcing efficiency. Given the local variations in global

ammonia emissions, this too could alter the spatial
distribution of the forcing. Simulating aerosol composition
and water uptake online in a GCM therefore can reduce
uncertainties in calculating direct radiative forcing and
generate a spatial distribution of forcing that realistically
accounts for variations in aerosol properties.

Aerosol composition also plays a role in determining the
magnitude of the indirect effect, although there are still too
many unanswered questions for GCM estimates of the indirect
effect to take account of this in a detailed way. One GCM
study of climate response to indirect sulfate forcing arbitrarily
chose a climate forcing of -4 W m? with a spatial distribution
in proportion to local sulfate concentrations [Erickson et al.,
1995], while another study used satellite measurements of
cloud droplet effective radii as input to a GCM [Boucher,
1995]. Most commonly, observational data are used to
derive empirical relationships between cloud droplet number
concentration and sulfate mass [Jones et al., 1994; Boucher
and Lohmann, 1995; Feichter et al, 1997; Lohmann and
Feichter, 1997]. Another method, in which the aerosol size
distribution is determined by the fraction of anthropogenic
sulfate formed via aqueous oxidation with the number of CCN
depending on this size distribution, total number of aerosol
particles, and the mean vertical velocity of the GCM, is
described by Chuang et al. [1997). No GCM study of the
indirect effect therefore has considered aerosol composition as
a variable, although water uptake by aerosol particles, and
hence cloud droplet activation, depends on aerosol
composition. Recent work [Kulmala et al, 1993] also
suggests that the presence of nitric acid can enhance cloud
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droplet activation by contributing soluble material to
aerosol particles. A GCM simulation of aerosol composition
therefore lays the groundwork for a more thorough
parameterization of the indirect effect in GCMs, although
substantial work must still be done before this is feasible.

While several models of atmospheric ammonia on the
regional scale exist [[versen et al, 1991, Asman and van
Jaarsveld, 1992; Fekete and Gyenes, 1993; Hov et al., 1994;
Galperin and Sofiev, 1998; Metcalfe et al., 1998; Singles et
al., 1998; Syri et al., 1998], only one global modeling effort
has been reported [Dentener and Crutzen, 1994] (hereinafter
referred to as DC94). This study was the first to derive a 10° x
10° emissions inventory for ammonia and calculate global
distributions of ammonia and ammonium using a three-
dimensional model. It was limited, however, by coarse
horizontal resolution and a thick boundary layer, as well as
simple boundary layer and cloud parameterizations. It also
treated condensation of ammonia on sulfate as a pseudo-first-
order kinetic process and artificially imposed a maximum limit
on neutralization of 1.5 mol of ammonium per mole of sulfate.

Radiative forcing attributable to nitrate aerosol was
estimated by van Dorland et al. [1997], but they obtained
their acrosol nitrate concentrations by assuming that 50% of
all boundary layer and 25% of free tropospheric HNO; was
present as accumulation mode nitrate aerosol. They found that
the average radiative forcing in the Northern Hemisphere due
to nitrate was about 10% of that due to sulfate, but more
significant in localized regions such as western Europe. More
recently, Metzger et al. (Aerosol multiphase equilibrium
composition: A parameterization for global modeling,
submitted to Journal of Geophysical Research, 1998,
hereinafter referred to as Metzger et al.,, submitted manuscript,
1998) have used thermodynamic equilibrium to estimate the
amount of particulate nitrate near the earth’s surface in January
and July based on average concentrations of sulfate, ammonia,
and nitric acid taken from a CTM. To the best of our
knowledge, however, no one has calculated the amount of
particulate nitrate in a three-dimensional global model
extending throughout the troposphere and covering the entire
year.

In this study, we simultancously model the transport of
sulfur species, ammonium, and ammonia in a general circulation
model and compute the ammonium, nitrate, and water content of
sulfate aerosols according to thermodynamic equilibrium.
Assuming thermodynamic equilibrium in each cell of the GCM
allows us to understand how aerosol composition varies from
region to region of the globe and also alleviates the necessity
of arbitrarily specifying the ammonium to sulfate molar ratio.

The following section describes the GCM used in this
study, the model of sulfur transport used as a starting point for
this work, and the enhancements made to model aerosol
composition. We then present and discuss simulated
concentration fields of ammonia, ammonium, nitrate, and

aerosol water content and compare them to available
observations. Sensitivity studies are also analyzed to
demonstrate how total acrosol mass is affected by the

availability of various precursors. The final section summarizes
important conclusions drawn from this work.

2. Model Description
2.1. GISS GCM II-Prime

Tracer transport is handled online in the Goddard Institute
for Space Studies General Circulation Model H-prime (GISS
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GCM IlI-prime). A description of the older GISS GCM 1I is
given by Hansen et al. [1983]; Rind and Lerner [1996]
provide a discussion of recent improvements relevant to tracer
studies. The resolution of the GISS GCM II-prime is 4°
latitude by 5° longitude in the horizontal directions, with
nine sigma layers in the vertical, from the surface to 10 mbar.
The model surface layer is 50 mbar thick. The top one or two
layers, centered around 27 and 103 mbar, are situated in the
lower stratosphere. The model time step for tracer processes is
1 hour. The version of the GCM used in this study uses a
quadratic upstream module for advection of heat and moisture,
and a fourth-order scheme for tracer advection. The GCM
carries liquid water as a prognostic variable in the large-scale
cloud scheme [Del Genio et al, 1996]. Moist convection is
implemented by a variable mass flux scheme that includes two
plumes, one entraining and one nonentraining, as well as a
downdraft [Del Genio and Yao, 1993]. The boundary layer
parameterization uses a new scheme that incorporates a
finite modified Ekman layer [Hartke and Rind, 1997]. The
improved parameterizations of these processes make this model
especially suitable for studying aerosol sulfate, which resides
mostly in the boundary layer and of which a substantial
amount is formed via in-cloud oxidation.

2.2. Sulfur Cycle

An online sulfur model (Koéh et al., submitted manuscript,
1998) that predicts the concentrations of SO,, SO, DMS,
MSA, and H,O, was used as the starting point for this work.
Hydrogen peroxide is included as a prognostic species
because it is depleted by reaction with SO, in heavily
polluted areas during winter [Chin et al., 1996]. This model
includes Global Emissions Inventory Activity (GEIA)
emissions of SO, and SO.* from fossil fuel combustion and
industrial activitics, SO, emissions from biomass burning,
aircraft, and noneruptive volcanoes, as well as an oceanic DMS
source. SO, is oxidized in cloud by H>O; and in the gas phase
by the OH radical. Including H,O: as a prognostic species has
the effect of limiting the amount of SO; that oxidizes to SO4% in
polluted areas in the winter. As a result, less ammonia will
condense into the aerosol phase so more gas phase ammonia
will be available for the formation of ammonium nitrate. Both
OH and NO; radicals oxidize DMS. Dry deposition of all
species in the sulfur model, except DMS, uses a resistance-in-
series parameterization [Wesely and Hicks, 1977] and is
implemented as described by Chin et al. [1996], except that
GCM surface momentum and heat fluxes are used to
calculate the aerodynamic resistances. No subgrid deposition
parameterization is used.

Wet deposition of dissolved tracers generally follows the
GCM treatment of liquid water [Del Genio and Yao, 1993; Del
Genio et al., 1996]. The GCM distinguishes between large-
scale and convective clouds. After reacting with each other,
the remaining SO; and H,0, dissolve into cloud water
according to effective Henry’s law coefficients assuming a pH
of 4.5. Sulfate and MSA aerosols are assumed to be infinitely
soluble. The GCM convective scheme considers both
entraining and nonentraining plumes as well as compensating
subsidence and downdrafts. All liquid water associated with
convective clouds either precipitates, evaporates, or detrains
into the large-scale cloud cover within the 1-hour time step of
the model, and dissolved tracer species are either deposited or
returned to the atmosphere in corresponding proportions. The
large-scale cloud scheme of the GCM carries liquid cloud
water content as a prognostic variable. Large-scale clouds
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therefore may persist for several model time steps. Tracer
budgets, on the other hand, do not distinguish between
dissolved and undissolved tracer. Instead, tracers are
scavenged in large-scale clouds according to a first-order rate
loss parameterization that depends on the rate of conversion of
cloud water into rainwater. Below both types of clouds,
aerosols and soluble gases are scavenged according to a first-
order parameterization that depends on the amount of
precipitation. Dissolved tracer is also returned to the
atmosphere if precipitation from either type of cloud
evaporates.

The model year used for this study has an average sulfate
burden of 0.73 Tg S. This value is intermediate in comparison
with other sulfur models that exhibit burdens from 0.53 Tg S
[Chin et al., 1996] to 1.05 Tg S [Lelieveld et al., 1997].

The model of sulfate composition has been developed by
adding species to the sulfur model described above. Sulfur,
ammonia, ammonium, and nitrate are all considered in the
standard model run, while nitrate is omitted in a subsequent
sensitivity run.

2.3. Ammonia Cycle

The ammonia cycle was simulated by adding two tracers: gas
phase ammonia (NH;) and aerosol ammonium (NHH.
Ammonia emissions were specified according to a recent GEIA
inventory [Bouwman et al., 1997]. The total ammonia source
in this inventory was estimated to be 53.6 Tg N yr”', and Table
2 shows this total according to source type. Domestic animals
contribute most to total emissions, followed by fertilizers,
oceans, soils under natural vegetation, crops, and others. The
fact that agricultural activitics contribute most to ammonia
emissions implies that densely populated regions tend to have
the highest ammonia emissions. The geographic distribution
of NH3 emissions is shown in Plate 1. The strongest source
regions occur in eastern China, India, Europe, the American
Midwest, and southern Brazil. The total emissions estimate of
the GEIA inventory used here is higher than the 45 Tg N yr!
used by DC94 in their model of the ammonia cycle, lower than
the 75 Tg N yr' estimate of Schlesinger and Hartley {19921,
and practically the same as the 54 Tg N yr'! estimate of
Warneck [1988]. The GEIA inventory specifies the
seasonality of the oceanic source only, leaving all other
emissions estimates as annual averages. It is obvious,
however, that ammonia emissions from crops and fertilizer
application will occur overwhelmingly during the growing
season. Ammonia volatilization from animal excreta increases
with temperature [Bouwman et al, 1997} and seasonal
differences in waste management, animal housing, and urease
activity could also lead to seasonality in emissions fiom
domestic animals. Therefore, following DC94, a seasonal cycle

Table 2. Global Ammonia Emissions by Source
[Bouwman et al., 1997)

Source Emission,
Tg N yr'
Domesticated animals 216
Fertilizers 9.0
Oceans 82
Biomass burning 59
Crops 3.6
Humans 2.6
Soils under natural vegetation 24
Other 0.4
Total 53.6

13,795

was imposed on the domestic animals, fertilizers, and crops
sources by weighting emissions by the number of daylight
hours. While the choice of this scheme is completely arbitrary,
in the absence of any more detailed information, this is the
simplest way to achieve a plausible temporal distribution of
ammonia emissions. The GEIA inventory specifies the oceanic
flux as a function of location and month. This flux has been
calculated assuming an atmospheric ammonia concentration of
zero such that the 8.2 Tg N yr! represents the potential, rather
than the net, oceanic emission of ammonia to the atmosphere.
This is appropriate since the GCM calculates dry deposition of
gas phase aramonia to the ocean surface. The uncertainty in the
global annual emission of ammonia was estimated to be =+
25% [Bouwman et al, 1997], and uncertainties on shorter
spatial and temporal scales are expected to be larger. This
should be kept in mind when evaluating model results.

Atmospheric ammonia undergoes reaction with the OH
radical according to [DeMore et al., 1997]

NH3 +OH — NH, + HZO

At 298 K, at an OH concentration of 5 x 10° molecules cm’,
the lifetime of ammonia with respect to this reaction is about
150 days. As this lifetime is much longer than the actual
lifetime of ammonia, this reaction plays only a very small role
in the global ammonia budget. Nevertheless, this reaction is
accounted for in the GCM using three-dimensional fields of 5-
day average OH radical concentrations (C. Spivakovsky,
personal communication, 1998). To account for the diel
variation in OH radical concentrations, an instantancous
value is obtained by scaling the 5-day average value to the
cosine of the solar zenith angle.

Both wet and dry deposition of ammonia and ammonium
follow the sulfur model. For purposes of wet deposition, the
effective Henry’s law coefficient for ammonia in precipitation
at an assumed pH of 4.5 is 3.3 x 10° M atm™. The necessary
data to estimate the surface resistance for dry deposition of
ammonia are given by Wesely [1989]. The deposition velocity
of ammonium is assumed to be the same as that of sulfate.
Ammonium, like sulfate, is assumed to be infinitely soluble in
rainwater.

2.4. Timescales for Gas-Aerosol Equilibration

We assume that the volatile species ammonia and nitric acid
achieve an equilibrium partitioning between gas and aerosol
phases during the 1-hour model time step. Therefore mass
transport between gas and aerosol phases is not considered in
the simulations presented here. Detailed box model
calculations [Meng and Seinfeld, 1996] have shown that the
time required for a particle to achieve equilibrium with the gas
phase depends primarily on its size. In general, ammonia
reached gas-acrosol equilibrium with the accumulation mode
sulfate particles that are the focus of this study in less than an
hour. The time to reach equilibrium was-somewhat longer than
an hour for the lower aerosol concentrations encountered in
remote marine regions. The same was true for nitric acid except
at lower relative humidities, where the time to reach
equilibrium was 1.59 and 1.24 hours for 60% and 50% relative
humidity, respectively. This is only slightly longer than the
model time step, so the assumption that gas-aerosol
equilibrium is attained should not significantly compromise
our results. Moreover, we can expect that the characteristic
time for significant changes in GCM temperature, relative
humidity, sulfate, or ammonia concentrations that perturb
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therefore lie thermodynamically on the metastable branch of
the aerosol activation hysteresis loop. As a result of this
assumption, solid phases are not considered to be present
during the equilibrium calculation. Even though this
assumption has the side effect of forcing the aerosol phase to
contain water even below the crystallization relative
humidity, this situation occurs rarely because most sulfate
mass resides in the humid midlatitudes, and the aerosol in the
dry upper troposphere tends to contain ammonium bisulfate
and unneutralized sulfuric acid, which remain in aqueous
solution at very low relative humidities. Moreover, the mass
of water forced into the aerosol phase below the
crystallization relative humidity is small compared with the
aerosol mass itself (about 7% of total aerosol mass for
ammonium sulfate). With any solid phase species eliminated
from consideration, as well as species containing sodium or
chloride, the species considered in the equilibrium calculation
are

Gas phase
P NH;, HNO;, H:O
Liquid phase
NH.", H*, NO5", S04+, HSO4, OH ,H,0
The equilibrium relations involving 'these species,

applicable equilibrium constants at 298 K, and other relevant
thermodynamic quantities are given in Table 3.
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Tropospheric temperatures can range from 210 K to 320 K,
and the temperature dependence of gas-aerosol equilibrium is
important. ISORROPIA calculates the temperature dependence
of equilibrium constants with the Van’t Hoff equation,

AH'(T)
=— (1)
daT RT

where K is the equilibrium constant, T is the temperature (in

dinK(T)

Kelvins), R is the gas constant, and AH’ is the standard
enthalpy change of the reaction. The enthalpies of all species
are assumed to vary linearly with temperature, on the basis of

constant heat capacities. With this assumption the
equilibrium constant is
AT (T Ac T\ T
KD = Kyexp| —————| = -1 |-—Z[14+m| 2+ |-
RT T R T T
0]

where K, is the equilibrium constant at the reference

0 . . .
temperature, T, and Acp is the difference in heat capacities

between products and reactants at the reference temperature.
The equilibrium constant at the reference temperature is

Table 3. Equilibrium Relations and Constants Used in the Aerosol Thermodynamic Equilibrium Module ISORROPIA

[Nenes et al., 1998]

Reaction Equilibrium Constant K Units
Expression o15k) AF ) A,
RT, R
HSO], € & SH' +soj(;q) [6° ][s0?"] VYo 1.615x10” 8.85 25.14  mot kg
[ms0; ] Y o
Ky t -1 N
NH,, <S5 NH, [¥,0 ] 5.764x10 1379 539 mol kg atm’
NH,
PNH3
Ky + - + -~ -3 - -1
NH,, +H,0,, ¢ >NH[_ +OH [NH4 ][OH ]yNH T o 1.805x10 1.50 2692  molkg
[NH3(aq) an' yNH3
HNO, ¢ H, +NO, [1][vo; ] 2.511x10° 29.17 1683 mol’ kg? atm?
, Yoo
HNO,
K, - - + - M 2 o
H,0,, ¢=H +OH, [H ][OH ] 1.010x10 2252 2692  mol’kg
yH* On”
aW
LS - 2- *Plam2- 1.2 1.817x10° 2.65 38.57 P’ kg3
(NH,), S0, ¢—>2NH,_ +SO, [NH4] [so? ]YNH:ysoi' mol’ kg
Ko -17 = 2
NH4NOJ(S) PELITEEN NHW + HNOS(g) PNH3 PHN03 5.746x10 74.38 6.12 atm
L + - + - 0 _ 2152
NH,HSO, | ¢ >NH[, +HSO},, [NH4][H504 ]VNH;”HSO,; 1.383x10 2.87 1583  mol*kg
K3 + 7P - - &
(NH,),H(S0,), ¢ [NHJ [soj ][HSO4 ]x 2.972x10" -5.19 5440  mol’ kg®
+ - 2- 3
3NH Ao H8O,4p + SO0 yNijsoﬁ' sto;
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281.98 pptv

894 mb 286.11 pptv 894 mb | 232.01 pptv
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Plate 2. (a) Annual average of monthly nitric acid mixing ratio fields used as input by the GCM. (b) Annual
average sulfate mixing ratios. Note that 1 pg m™ SO4> = 258 pptv SO4* at 298 K and 1 bar. Above each plot,
the pressure level of the corresponding model layer is indicated, as is the average mixing ratio in that layer.
Contour lines are 1, 3, 10, 30, 100, 300, 1000, 3000, 10,000, and 30,000 pptv.
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Table 4. Thermodynamic Properties in the Aerosol
Thermodynamic Equilibrium Module, ISORROPIA [Neres et
al., 1998]

Species AG] Kimol”  AH) KImol' o) Jmol K
HNO; ¢ -74.720 -135.060 53350
NH; -16.450 -46.110 35.060
H (g 0.000 0.000 0.000
NH, g -79.310 -132.510 79.900
HSOy o -755.910 -887.340 -84.000
S04 g -744.530 909.270 -293.000
NO3 g -111.250 -207.360 -86.600
H g -157.244 -229.994 -148.500
z 0
v, (T,)
Ky=expl ~———— 3)
RT

0

In this expression, V; is the stoichiometric coefficient of the
ith species in the equilibrium relation, and u? is its chemical
potential at the reference temperature. The Gibbs free energy of
formation, enthalpy of formation, and heat capacity of each
species are given in Table 4.

An example of characteristic behavior of the sulfate-nitrate-
ammonium aerosol system is shown in Figure 1. The
predictions show how equilibrium aerosol composition varies
as a function of total sulfate mass at 285 K and 80% relative
humidity. The calculation was carried out assuming a fixed
total mass of 4.5 g m™ of ammonia and 6.0 pg m™ of nitric acid.
Sulfate has a sufficiently low vapor pressure that it can be
assumed to reside completely in the aerosol phase. Ammonia
and nitric acid, on the other hand, partition themselves
between both gas and aerosol phases. At these conditions,
nitric acid can exist in the aerosol phase in the form of the
nitrate ion, but only when neutralized by ammonium. At low
sulfate concentrations the ammonium nitrate aerosol represents
about a third of the total ammonia in the system and nearly all
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of the nitric acid. Ammonium concentrations increase with
increasing sulfate concentrations until essentially all the
ammonia is drawn into the aerosol phase. At this point,
because of the lack of free ammonia, additional sulfate tends to
force nitrate out of the aerosol phase. As a result of the
thermodynamic competition between sulfate and nitrate, the
total aerosol mass, dry or wet, is a nonlinear function of the
amount of sulfate in the system.

2.6. Aerosol Nitrate

Acrosol nitrate  was generated by providing the
thermodynamic equilibrium module with total (gas plus
aerosol) concentrations of nitric acid. The resulting

concentrations of aerosol nitrate were stored as model output
but were not allowed to undergo advection or deposition. In a
sensitivity run, nitric acid concentrations were taken to be
zero. A limitation of the nitrate simulation presented here is
that neither sea salt nor mineral dust is included. since both
these types of aerosols are known to take up nitrate from the
gas phase [Tabazadeh et al., 1998], we expect to underestimate
particulate nitrate concentrations wherever these processes are
important. The aerosol nitrate concentrations calculated here
represent therefore the sum of ammonium nitrate and dissolved
nitric acid and neglect species such as NaNO; and Ca(NOs),.

We use three-dimensional monthly average nitric acid
concentration  fields taken from the Harvard CIM
photochemical model, which uses an archived meteorology
based on the GISS GCM I [Horowitz et al, 1998; Horowitz
and Jacob, Global impact of fossil fuel combustion on
atm- spheric NO,, submitted to Journal of Geophysical
Research, 1999]. Plate 2a shows the annual average of these
monthly fields for selected modetl layers. Although the Harvard
CTM accounts for both heterogencous and gas phase
production of nitric acid, all nitric acid is assumed to reside in
the gas phase for purposes of deposition. Since gas phase
nitric acid tends to undergo dry deposition more rapidly than
particulate nitrate, the CTM may overestimate somewhat the
dry deposition of total nitric acid.

45

40 |---NO3-
---=NH4+

354 | Water
|— Dry Mass |

30 { ‘——Total Mass|

Aerosol mass (ug/m°)

8 10 12 14

Sulfate mass (ug/m°)

Figure 1. Mass concentration of various acrosol components as a function of suifate mass. These results were
calculated by the aerosol thermodynamic equilibrium module, ISORROPIA, for 285 K, 80% relative humidity,

4.5 ug m” total NHs, and 6.0 ug m™ total HNO;.
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Horowitz et al. [1998] reported that simulated HNO;
concentrations were about 25% larger than observed
concentrations at the three North American sites that were
used for comparison. Two reasons for this discrepancy were
suggested. First, HNO; undergoes rapid dry deposition,
resulting in a strong vertical gradient near the surface. One
therefore expects that model predictions, which reflect
conditions throughout the lowest 500 m of the atmosphere,
should exceed observed concentrations at the surface. Second,
CTM HNOs;.is the sum of gas phase nitric acid and aerosol
nitrate, whereas the observations are of gas phase nitric acid
onily. This suggests that the Harvard CTM nitric acid fields
used in this study are within 25% of actual values for North
America, although this conclusion is based on observations at
only three sites. Predictions in the remote troposphere are
frequently several times larger than observations. Moreover,
no comparison with European observations of HNO; has been
made. In light of the above, it must be concluded that the
HNO; concentration fields used as input, although the best
currently available, represent a potentially considerable
source of uncertainty. It is likely that HNOs; predictions are
too high, especially in remote areas, and could result in an
overprediction of nitrate aerosol concentrations. Fortunately,
this problem is mitigated by the fact that ammonium nitrate
formation in remote areas is limited by the availability of
ammonia.

The equilibrium water content of the aerosol was also
tracked by the model. As with particulate nitrate, aerosol
water was not allowed to undergo tracer transport.

All simulations were integrated over 13 months starting
from zero concentrations. Data from the first month were
ignored to allow the model to spin-up. Unless otherwise
specified, all results shown here are annual averages over the
remaining 12 months.

3. Global Aerosol Concentration Fields

This section presents predicted aerosol concentration fields,
as well as several derived fields that highlight interactions
among various species, such as the degree of aerosol
neutralization. Aerosol concentrations and compositions have
been compared with several observational databases. These
databases will first be described. '

3.1. Observational Data Sets

From June 1988 to May 1990, participants in the Eulerian
Model Evaluation Field Study (EMEFS), took daily aerosol
measurements at approximately 130 sites spread throughout
eastern North America [McNaughton and Vet, 1996]. We have
computed annual average sulfate, ammonium, and nitrate
concentrations for 75 of these locations, and gas phase
ammonia concentrations have been computed for 59 sites.
Table 5 lists the EMEFS sites as well -as observed and
simulated annual mean mixing ratios. The long-term nature of
the observations, inclusion of all the major aerosol ions and
ammonia, and the large number of sampling locations
(including several instances of more than one sampling
location in a GCM grid cell) make this database an excellent
test of model performance in eastern North America.

Aerosol composition data for Europe have been made
available under the auspices of the Co-operative Programme for
Monitoring and Evaluation of the Long-Range Transmission
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of Air Poliutants in Europe (European Monitoring and
Evaluation Programme, EMEP) from 1986 to 1995
[Hjellbrekke and Hanssen, 1998]. Realizing that it is not
feasible for our simulation, which is based on fixed emissions
inventories, to accurately represent a 10-year period during
which emissions changed, we compare our model predictions
only with data taken during 1990. This year was chosen
because it is the year in which simulated sulfate
concentrations most closely match reported values. This
facilitates comparison of other simulated acrosol components
with observations, since errors in the sulfate simulation only
compound errors and uncertainties in the treatment of other
components. Fourteen EMEP sites reported annual average
aerosol composition data for 1990, though not all sites
reported data for all species. Table 6 shows these locations
along with observed and simulated mixing ratios. Although
the subset of the EMEP database used here is not as extensive
as that of EMEFS, it still includes a reasonable number of
long-term observations for sulfate and ammonium. The small
number of ammonia and nitrate observations, however, makes
assessment of model performance in Europe with respect to
these species preliminary. .

Since the sites that contributed to the two databases just
described are all in or near industrialized regions, an effort was
made to supplement these data with observations in other
regions of the globe. DC94 compared their simulated sulfate
and ammonium concentrations with a set of observed
concentrations taken from the literature. We have extended this
set to include a larger number of sites, as well as to include
acrosol nitrate and gas phase ammonia. Many of these
observations were taken in marine and remote continental
areas, and the inclusion of aircraft observations helps to
evaluate model behavior in the boundary layer and free
troposphere. A major drawback of these data is that the vast
majority of them were gathered over only relatively short time
periods, usually a few days or weeks, and strongly reflect the
prevailing meteorological conditions. One must bear this in
mind when comparing these data with GCM-simulated
concentrations, which are not based on the same meteorology.
Because these observations were taken at a wide variety of
sites, they have been divided into three categories: poliuted
continental, remote continental, and marine. The observations,
with corresponding simulated values, are given in Table 7.

3.2. Sulfate

Results of the sulfur model used in this work have already
been presented and compared with observations [Koch et al.,
submitted manuscript, 1998]. Therefore we will present here
only the sulfate results that are necessary for understanding
the behavior of the other acrosol components that are the focus
of this study. Annual average sulfate mixing ratios for selected
GCM layers are shown in Plate 2b. The highest sulfate mixing
ratios occur in the industrialized areas of Europe, North

America, and eastern Asia, where they exceed 1 ppbv (1 pg m*
SO4* =258 pptv SO4” at 298 K and 1 bar). Sulfate mixing
ratios also exceed 1 ppbv in central Asia as a result of
transport of sulfur species from Europe as well as local
anthropogenic sources.  Sulfate mixing ratios in remote
continental areas range from 30 pptv to 300 pptv. Marine
mixing ratios generally exceed 100 pptv in the Northern
Hemisphere and are lower in the Southern Hemisphere. The
lowest sulfate mixing ratios, less than 30 pptv, occur in the
remote Pacific and Indian Oceans, mostly in the southern
tropics. Sulfate mixing ratios are fairly uniform with altitude
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Table 5. Comparison of Simulated and Observed Mixing Ratios From the EMEFS Database

) ‘ ) S0, NO;’ NH," NH,

Location Latitude LO“%:;/Ude Obs Sim Obs Sim Obs Sim Obs Sim
Algoma, Ontario 47 84 664 1058 167 494 999 1656 334
Archbold, Florida 27 81 762 568 444 6 1107 664 1369 169
Arendtsville, Pennsylvania 40 77 1750 1739 848 614 3543 2514 581 426
Balsam Lake, Ontario 45 79 959 933 419 628 1594 1733 464
Bells, Tennessee 36 89 1337 1851 422 393 2250 2415 771 577
Benton, Kentucky 37 88 1753 2094 447 957 2787 3509 422 854
Big Moose, New York 44 75 969 1169 121 850 1463 2395 84 656
Brackney, Pennsyivania 42 76 1376 1613 316 1145 2230 3169 122 613
Brokensword, Ohio 41 83 1535 1892 1100 1219 3584 3568 823 730
Brookings, South Dakota 44 97 566 550 639 1086 1459 2016 3332 2048
Cadiz, Kentucky 37 88 1635 2094 445 957 3005 3509 1044 854
Caryville, Florida 31 86 1091 1153 228 72 1670 1285 3N 228
Cedar Creek SP, West 39 81 1681 2271 130 746 2126 3069 70 443
Virgima
Chalk River, Ontario 46 77 852 933 97 628 1163 1733 464
Chapais, Quebec 50 75 456 431 25 232 461 656 213
Charleston Lake, Ontario 45 76 711 933 274 628 1361 1733 464
Coweeta Forest, North 35 83 1311 1696 77 247 1696 2000 73 373
Carolina
Cree Lake, Saskatchewan 57 107 242 317 23 110 250 399 111
Decatur, Pennsylvania 41 77 1561 1613 716 1145 3451 3169 1782 613
Deer Cr. Park, Ohio 40 83 1847 2271 892 746 3779 3069 574 443
Dorset, Ontario 45 79 819 933 197 628 1263 1733 464
Due West, South Carolina 34 82 1508 1696 229 247 2411 2000 355 373
E. Smithfield 42 77 1377 1613 553 1145 2829 3169 1142 613
E.L.A., Ontario 50 94 380 - 438 130 462 579 1038 551
Eddyville, Kentucky 37 88 1707 2094 452 957 2782 3509 242 854
Egbert, Ontario 44 80 1098 933 921 628 2472 1733 1010 464
Emporium, Pennsylvania 42 78 1421 1613 220 1145 1893 3169 57 613
Fernberg, Minnesota 48 91 358 639 184 1158 640 2167 1732
Ford City, Pennsylvania 41 80 1745 1613 405 1145 2909 3169 292 613
Fort Wayne, indiana 41 85 1627 1449 1303 1548 3793 3524 1157 1149
Gaylord, Michigan 45 85 923 1058 298 494 1571 1656 250 334
Gowganda, Ontario 48 81 563 1058 89 494 808 1656 334
Hawthorne, Pennsylvania 41 79 1688 1613 328 1145 2622 3169 101 613
High Falls, Ontario 46 82 682 1058 148 494 1014 1656 334
Ithaca, New York 42 76 1290 1613 330 1145 2220 3169 133 613
Jerome. Missouri 38 92 1068 1546 326 1114 1873 3154 361 1532
Kane Forest, Pennsylvania 42 79 1481 1613 246 1145 2087 3169 47 613
Kejimkujik, Nova Scotia 44 65 734 608 90 262 680 965 297
Lancaster, Kansas 40 95 840 780 804 678 1686 2020 3080 2144
Leitchfield, Kentucky 37 86 1866 2094 479 957 3225 3509 399 854
LilleyCornett, Kentucky 37 83 1625 2271 177 746 2014 3069 263 443
Little Marsh, Pennsylvania 42 77 1390 1613 298 1145 2318 3169 165 613
Longwoods, Ontario 43 81 1266 1892 1056 1219 2769 3568 730
Marion, Alabama 33 87 1342 1851 235 393 2089 2415 510 577
Marshall, Texas 33 94 1320 1311 309 485 1884 2123 346 975
Montmorency, Quebec 47 71 630 760 54 696 833 1679 604
Moorhead, Kentucky 38 84 1929 2271 279 746 2689 3069 144 443
Morton, Mississippi 32 90 1210 1851 374 393 2364 2415 3143 577
Mountain Lake, Virginia 37 81 1733 2271 171 746 1892 3069 66 443
New Concord, Kentucky 37 88 1710 2094 271 957 2312 3509 164 854
North Orwell, Pennsylvania 42 76 1380 1613 430 1145 2490 3169 189 613
Parsons, West Virginia 39 80 1827 1739 245 614 2357 2514 165 426
Penn State. Pennsylvania 41 78 1626 1613 336 1145 2572 3169 125 613
Perryville, Kentucky 38 85 1936 2271 479 746 3222 3069 294 443
Piseco, New York 43 75 925 1169 118 850 1368 2395 352 656
Pittsboro, North Carolina 36 79 1561 1049 362 112 2825 1115 677 204
Renovo. Pennsyivania 41 78 1517 1613 238 1145 2075 3169 52 613
Roaring Creek, North 36 82 1439 2271 117 746 1613 3069 61 443
Carolina
Round Lake, Wisconsin 46 92 371 639 361 1158 1230 2167 440 1732
Shawano, Wisconsin 45 89 880 874 1017 673 2524 1880 2715 701
Sutton, Quebec 45 73 984 760 228 696 1781 1679 604
Tunkhannock, Pennsylvania 42 76 1475 1613 349 1145 2514 3169 234 613
Underhill. Vermont 45 73 949 760 138 696 1454 1679 158 604
Uvalda, Georgia 32 82 1154 1696 263 247 1745 2000 357 373

Vincennes. Indiana 39 87 1731 2094 925 957 3371 3509 1038 854
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Table 5. (Continued)
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‘ N NOy’ NH," NH,

Location Latjude  Longiude “Gbs Sm  Obs  Sim  Obs  Sm  Obs  Sim
Wartburg, Tennessee 36 85 1726 2271 238 746 2691 3069 196 443
Warwick, Massachusetts 43 72 1127 1169 159 850 1622 2395 127 656
Wayland, New York 43 78 1307 1613 433 1145 2479 3169 351 613
Wellesley, Ontario 43 81 1164 1892 1325 1219 3078 3568 : 730
Whiteface, New York 44 74 885 760 108 696 1201 1679 37 604
Williamsport, Pennsylvania 41 77 1599 1613 625 1145 3064 3169 338 613
Winterport, Maine 45 69 806 608 122 262 1146 965 118 297
Wirt, New York 42 78 1358 1613 249 1145 2016 3169 127 613
Yampa, Colorado 40 107 279 440 73 211 467 764 527 261
Zanesville, Ohio 40 82 1803 1892 644 1219 3130 3568 531 730

Mixing ratios are in parts per triilion by volume. EMEFS, Eulerian Model Evaluation Field Study.

throughout the boundary layer, but decrease in the free
troposphere, with the average mixing ratio at the tropopause
being about 25% of the surface layer value.

Figure 2 shows scatterplots of simulated sulfate mixing
ratios versus observed values for each of the databases
described above. In order to evaluate whether or not the
model has a tendency to overpredict or underpredict aerosol
concentrations, we took the geometric mean of the ratios of
simulated values to observed values at each data point. The
geometric mean ratio for each data set is shown in the
corresponding scatter plot, and Table 8 shows the computed
geometric mean for each data set and species. The model is able
to predict annual average sulfate mixing ratios to within a
factor of 2 at all the EMEFS and EMEP sites, although it tends
to be about 15% high on average in North America.
Comparison of simulated sulfate mixing ratios with the other
data sets shows several locations where there is more than a
factor of 2 discrepancy, but greater variation is expected from
these observed concentrations, as they were collected over
short time periods.

3.3. Ammonia

Annual average mixing ratios of gas phase ammonia at
selected model layers are shown in Plate 3a. The highest
surface mixing ratios, in excess of 3 ppbv (1 ug m” NH; = 1457
pptv NH;3 at 298 K and 1 bar), are found in India, China,
eastern Europe, and Brazil. Continental mixing ratios exceed
100 pptv everywhere except the Arctic, western Sahara, and
southwestern Australia. Marine concentrations are highest
near the equator as a result of high ammonia emissions in that

part of the ocean; otherwise, they are less than 100 pptv.
Ammonia mixing ratios are negligibly small (less than 1 pptv)
over most of Antarctica and only 3 to 10 pptv in the middle of
the oceanic gyres. Emissions of ammonia and uptake by sulfate
are the two factors that most strongly determine surface
concentrations. Ammonia concentrations decline much more
rapidly with altitude than do suifate concentrations; the
average mixing ratio at the tropopause is only 1% of the
surface layer value, but concentrations are most persistent
above India.

Annual average mixing ratios of particulate ammonium are
shown in Plate 3b. Industrialized areas with high sulfate
concentrations, such as the eastern United States, Europe, and
China, tend to exhibit the largest ammonium mixing ratios,
over 3 ppbv (1 ug m™ NH,* = 1377 pptv NH," at 298 K and 1
bar). Whereas mixing ratios in the Southern Oceans tend to
fall in the 30-100 pptv range, they are 100-300 pptv in the
northern oceans. Continental mixing ratios generally exceed
300 pptv. The lowest mixing ratios are found in Antarctica
and the remote Pacific, where they range from 10 to 30 pptv.
Ammonium mixing ratios at the tropopause are, on average,
16% of those at the surface. The decline in ammonium
concentrations with altitude therefore is stronger than that of
sulfate, but not as steep as that of ammonia.

The explanation for the stronger decline with altitude in
ammonia and ammonium concentrations than for sulfate is that
ammonia sources are located exclusively at the surface, while
sulfate is produced chemically throughout the troposphere,
although it has its own vertical gradient due to the
distribution of its precursor, SO, [Dentener and Crutzen,

Table 6. Comparison of Simulated and Observed Mixing Ratios [pptv] from the EMEP Database

SO,~ NO5 NH, NH,

Location Latitude  Longitude Obs Sim Obs Sim Obs Sim Obs Sim
Bilthoven, Netherlands 52°N 5'E 1138 984 1910 2008 3553 2214
Ispra, Italy 46°N 9°E 1447 1220 2440 1253 4687 2833 1057
Janiskoski, Russia 69°N 29°E 442 368 64 66 433 332 88

Jarczew, Poland 51°N 22°E 2360 1668 1727 3676 4354 2507
Kosetice, Czech Rep. 50°N 15°E 1798 2251 738 2029 2392 5601 10915 2197
K-puszta, Hungary 47°N 20°E 1489 2001 562 985 1910 4052 1541 1599
La Cartuja, Spain 37°N 4° W 1039 728 75 514 1224 915
Logrono, Spain 42°N 2°wW 850 953 351 722 1715 800
Roquetas, Spain 41°N 1°w 969 953 351 867 1715 800
Suwalki, Poland 54°N 23°E 1608 1418 1722 1605 4014 2473
Svratouch, Czech Rep. 50°N 16°E 1475 2251 658 2029 4623 5601 12119 2197
Toledo, Spain 40° N 4w 471 728 75 578 1224 915

Vysokoe, Belarus 52°N 23°E 1022 1418 742 1722 2263 4014 2473
Witteveen, Netherlands 53°N 7E 976 984 1525 2008 3553 2214




Table 7. Comparison of Simulated and Observed Global Mixing Ratios

S0~ NOy NH, NH;
Location Lati- Longi- Alti-  Time Obs Sim  Obs  Sim Obs Sim  Obs  Sim Reference
tude tude tude
Polluted Continental Sites
Agra, India 27N 78E surf  Dec-Mar 3526 278 31 8344 601 9914 Kulshrestha et al. {1998]
Allegheny Mountain, 415N 785 W surf  Jun-Aug 4494 2268 202 537 3865 3181 615  Pierson et al. [1989]
Pennsylvania
Beijing 40N 116 E surf Oct 2050 768 929 2800 2295 3308 Huebert et al. [1988]
Boulder, Colorado 40N 105 W surf  Jan-Dec 28] 423 497 600 1209 1289 Langford, et al. [1992]
Boulder, Colorado 40N 105 W surf  Jun-Aug 382 540 517 326 989 1318 5169 1932 Langford, et al. [1992]
Boulder, Colorado 40N 105 W surf  Dec-Feb 180 213 315 724 652 1044 1348 558  Langford, et al. [1992]
Changsha 28N 113 E surf Oct 2050 1872 804 3880 4433 7696  Huebert et al. [1988]
England 52N 3E surf  Jan-Dec 1100 954 975 2500 2373 567  Hansen, et al. [1990]
Farkasfa, Hungary 47N 165E surf  Jan-Dec 2161 2001 1459 985 4650 4052 1599  Meszaros and Horvath,
[1984}
Germany 53N 10E surf  Jan-Dec 1245 2072 3400 4106 2026 Lenhard and Gravenhorst,
[1980]
Hungary 47N 20E surf  Jan-Dec 2500 1561 1102 1600 3665 2740 Hanssen et al. [1990]
Kinterbish, Alabama 323N 882 W surf  Jun-Aug 1258 2767 202 13 1955 2339 629 438 Langford, et al [1992]
K-puszta, Hungary 47N 193E surf  Jan-Dec 2060 2001 1568 985 4730 4052 1561 1599 Meszaros and Horvath,
{1984]
Lake Isabella, 356 N 1185W  surf Dec-Feb 90 326 202 339 180 796 427 365 Jacob et al {1986]
California
Lake Ozette 47N 125 W surf  Mar-May 100 540 80 110 684 293 Covert, [1988]
Lancaster, England 54 N 3w surf  Jan-Dec 1978 800 2291 926 5571 2092 822  Harrison and Pio, {1983}
Los Angeles, 34N I8 W surf Nov-Dec 1676 332 231 18113 764 575  John et al. [1990]
California
Los Angeles, 34N 118 W surf  Jun-Aug 2247 311 5 12125 570 765  John et al. [1990]
California
Newtown, Connecticut 41.5N 735W surf  Jun-Aug 1461 1849 112 331 2517 2503 764 570  Keeler et al [1991]
Northern Michigan 45N W surf  Dec-Feb 629 619 427 1409 966 2291 45 417  Cadle et al. {1985])

Oak Ridge, Tennessee 36 N 84w surf  Jun-Aug 3978 3858 539 177 5393 3107 202 351 Langford, etal [1992]
Oak Ridge, Tennessee 36.1 N 84.2 surf  Jun-Aug 2337 3858 67 177 2989 3107 337 351 Lindberg et al [1990]

Poona, India 19N 74 E surf  Jan-Dec 440 408 14 980 800 3940  Khemani et al. [1982]

Sapporo, Japan 43N 141 E surf Aug 895 1146 55 21 1268 1595 436  Ohta and Okita, [1990]
Sapporo, Japan 43N 14 E surf Sep 701 676 172 18 823 977 176 Ohta and Okita, [1990]
Sapporo, Japan 43N 141 E surf Apr 1277 1186 607 159 1376 1789 500  Ohta and Okita, [1990]
Sapporo, Japan 43N 141 E surf Jul 1118 1000 43 48 1363 1565 552 Ohta and Okita, [1990]
Sapporo, Japan 43N 141 E surf Jun 1032 735 204 68 1255 1146 454  Ohta and Okita, [1990]
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Table 7. (Continued)

SO~ NOy NH,;” NH,
L.ocation Latit- Longi- Alti- Time Obs Sim Obs  Sim Obs Sim Obs Sim Reference
ude tude tude
Sapporo, Japan 43 N 141 E surf Oct 837 584 415 37 998 820 265  Ohta and Okita, {1990]
Sapporo, Japan 43N 141 E surf  Jan-Dec 1074 734 374 87 1546 1124 589  Ohta and Okita, [1990]
Sapporo, Japan 43 N 4L E surf Mar 1351 899 603 134 2320 1495 1031 Ohta and Okita, [1990]
Sapporo, Japan 43 N 141 E surf May 1166 742 466 89 1282 1138 417 Ohta and Okita, {1990}
Sapporo, Japan 43N 141 E surf Nov 992 582 431 81 1538 815 456  Ohta and Okita, [1990])
Sapporo, Japan 43 N 141 E surf Feb 1247 630 580 7 2401 952 1478  Ohta and Okita, {1990}
Sapporo. Japan 43 N 1411 surf Dece 1078 302 462 120 1767 552 790 Ohta and Okita, [1990]
Sapparo, Japan 43 N 141 E surf Jan 1191 322 447 156 2159 638 571 Ohta and Okita, [1990]
State College, 41N 78 W surf  Jun-Aug 2810 2298 537 3837 3181 615  Suhetal [1994})
Pennsylvania
Sweden S9N 17E surf  Jan-Dec 840 691 845 1340 1840 647  Hanssen et al. {1990]
Tehachapi, California 352N 1184 W surf  Dec-Feb 180 326 247 339 247 796 764 365  Jacob et al [1986)
Veszprem, Hungary 47 N 18 E surf  Jun-Aug 1533 3426 467 401 3350 5431 2122 Meszaros et al. {1997]
Veszprem, Hungary 47N 18 E surf  Dec-Feb 1809 1035 1712 187 5628 3497 1213 Meszaros et al. {1997]
2
Xinlong 38N 120E surf Oct 1540 2001 683 2650 4398 1564  Huebert et al. [1988]
Remote Continental Sites
Amazon 3N 60 W bl Apr-May 81 18 58 l 92 36 340  Talbon et al [1990]
Amazon 3N 60 W bl Jul-Aug 125 17 I 300 34 299  Talbon et al {1990]
Amazon 3N 60 W ft Apr-May B 9 1 <1 37 9 5 Talbon et al. {1990]
Amazon 3N 60 W ft Jul-Aug 20 12 <1 60 15 3 Talbon et al. [1990]
Arctic 55N 160 W bl Jun-Aug 128 210 30 2 137 85 2 Talbon et al. [1990]
Arctic 55N 160 W ft Jun-Aug 40 397 15 5 52 190 4 Talbon et al. [1990]
Arctic 65N 160 W bl Jun-Aug 29 317 11 2 53 161 5 Talbon et al. [1990]
Arctic 65N 160 W ft Jun-Aug 65 403 22 7 75 189 4 Talbon et al. {1990]
Congo 4N 14 E surf Jun 216 89 447 69 902 236 1594 Clairac et al. [1988]
Congo 4N 14 E surf Oct 268 29 70 133 533 175 1593 Clairac et al. {1988]
Guyana 4N 58 W surf Jun 65 25 5 <i 154 44 256  Gregory et al. [1986]
Guyana 4N S8 W t Jun 26 9 2 <1 12 12 4 Gregory et al. [1986]
Niwot Ridge, 40.05 N 105.6 W surf Jan-Dec 113 440 224 211 259 764 236 261 Langford et al. {1992}
Colorado
Niwot Ridge, 4005N 1056 W surf Dec-Feb 90 241 22 369 202 606 135 106 Langford et al. [1992]
Colorado
South Pole 90 N 10E surf Dec 32 28 3 2 70 25 19 <1 Gras, [1983]
Wright Valley 778 162 & surf  Nov-Dec 50 28 23 1 58 13 13 ] Gras, {1983]
Y akutsk 62N 130 E surf Jan-Dec 100 330 84 165 395 89 Ohta et al. [1992]
Marine Sites

Atlantic 10N 60 W surf Jun 10 25 <1 14 45 67 Talbot et al. [1986]
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Table 7. (Continued)

SO, NOy NH," NH;
Location Latit- Longi- Alti- Time Obs Sm Obs Sim Obs Sim Obs  Sim Reference
ude tude tude
Atlantic 28 N 60 W surf Jun 34 143 <1 60 150 36 Talbot et al. [1986]
Atlantic 32N 31 W surf  Apr-May 425 248 i 385 284 114 Churchetal [1991]
Atlantic 35N 70 W ft Jan 100 119 89 1 135 81 5 Whelpdale et al. [1987)
Atlantic 37N 25 W bl Jun 1260 152 716 I 1302 119 13 Huebert et al. [1996}
Atlantic 37N 25 W ft Jun 393 292 382 <{ 470 133 N Huebert et al. [1996]
Atlantic 40N 70 W bi Jan 124 428 166 457 1000 1064 263 Whelpdale et al. [1987]
Atlantic 45N SS5wW surt  Apr-May 410 439 12 380 319 33 Church et al. {1991]
Bonin Island 27N 142 E surf  Nov-Dec 484 268 257 <1 750 219 39 Yoshizumi and Asakuno,
[1986]

Pacific 2N I70E surf  Apr-May 100 17 <l 140 33 192 Quinn et al. {1990]
Pacific 58 155 W surf Feb-Mar 160 48 <i 100 89 179 Clarke and Porter, [1993]
Pacific 5N 155 W surf Feb-Mar 175 26 < 130 50 187  Clarke and Porter, [1993]
Pacific ISN 155 W surf’ Feb-Mar 125 51 <1 25 85 128  Clarke and Porter, [1993]
Pacific 23N 170 E surf Apr-May 450 86 <1 130 152 59 Quinn et al. [1990]
Pacific 43 N I70E surf  Apr-May 325 575 19 400 570 173 Quinnet al. [1990]
Pacific 46 N 126 W bl May 60 553 1 75 314 15 Andreae et al. [1988]
Pacific 508 160 W surf  Mar-May 250 57 96 <1 115 25 4 Parungo et al. {1986}
Pacific - Hawait 20N 160 W surf  Mar-May 250 127 <l 115 156 43 Parungo et al. [1986]
Santa Maria island 37N 25 W surf Jun 475 166 311 <] 461 160 200 30 Huebert et al. [1996]
Tasmania 438 144 E surf Dec 40 68 9 ! 70 134 219 Berresheim et al. [1990]
West Atlantic 3IN AR surf Jan-Dec 8§28 293 289 | 1206 289 79 Berresheim et al. [1990]

Mixing ratios are in parts per trillion by volume.

* Abbreviations are bl, boundary layer; ft, free troposphere; surf, surface.
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Figure 2. Scatterplot of simulated sulfate mixing ratios versus observations from (a) the EMEFS database, (b)
the EMEP database, (c) polluted continental areas, (d) remote continental arcas, and (¢) marine areas. Dashed
lines indicate 2:1 and 1:2 ratios. The geometric mean over all the ratios of simulated to observed mixing ratios

(GMR) is indicated.

1994]. Gas phase ammonia has a steeper vertical gradient than
ammonium because ammonia partitions preferentially into the
particle phase. High concentrations of gas phase NH; exist
only in polluted areas near the surface, where ammonia
emissions exceed the capacity of the sulfate aerosol to absorb
them. As the stoichiometric balance between ammonia and
sulfate shifts toward sulfate higher in the atmosphere, a larger
fraction of the total ammonia partitions into the acrosol phase.

Ammonium concentrations calculated here are similar to
those of DC94, including locations and magnitudes of the
peak ammonium levels in China, Europe, North America, and
South Africa and the pattern of oceanic ammonium
concentrations. More discrepancies can be found when
comparing ammonia concentrations. While similar peaks in
ammonia concentrations are found over India, we predict

maxima over China, Europe, North America, and Brazil, not
found in DC94. This difference can be explained by a
combination of higher ammonia emissions and a slightly lower
sulfate burden. The sulfate burden in this model, 0.73 Tg S, is
just slightly lower than that reported by Langner and Rodhe
[1991], 0.77 Tg S, upon which the sulfate component of DC94

Table 8. Geometric mean ratios of simulated to observed
values for each species and observational database.

Species  EMEFS EMEP  Pol. Cont. Rem.Cont. Marine
SO~ 115 1.04 0.73 1.09 0.68
NO5 2.29 1.50 0.51 0.14

NH,* 1.23 1.63 0.84 0.74 0.75
NH; 1.95 0.94 0.28
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Figure 3. Scatterplot of simulated ammonium mixing ratios versus observations taken from (a) the EMEFS
database, (b) the EMEP database, (c) polluted continental areas, (d) remote continental areas, and (¢) marine

areas. Dashed lines indicate 2:1 and 1:2 ratios.
observed mixing ratios (GMR) is indicated.

is based. The updated ammonia emissions inventory used here,
however, is about 20% higher than that used by DC94. The
combination of higher ammonia emissions and lower sulfate
burden results in significantly higher gas phase ammonia
concentrations in areas, such as those mentioned above, where
the sulfate aerosol is nearly fully neutralized. Also, the coarse
horizontal resolution of the model used by DC94 may have
limited their ability to resolve some of these maxima. Oceanic
ammonia concentrations, on the other hand, tend to be lower
than those found in DC94.

Figure 3 shows scatter plots of simulated versus observed
ammonium mixing ratios for the databases described above. It
can be seen that predictions are within a factor of 2 of most
observed ammonium mixing ratios. Comparison of simulated
mixing ratios with the EMEFS database is especially close.

The geometric mean over all the ratios of simulated to

This agreement is significant because the EMEFS database
offers the highest quality observations, from the standpoint of
both number of sites and length of sampling period. This
suggests that some of the scatter in comparisons with other
data sets may be a result of subgrid variability, interannual
variability, short sampling times, or other sources of
variability that one would not expect the GCM to resolve.
Table 8 shows that the geometric mean ratios for ammonium are
within about 25% of unity for all but the EMEP data set.
Considering that the uncertainty in the ammonia emissions
inventory is estimated to be 25% on a global scale and larger
on a regional scale, one cannot expect better predictions
without also evaluating the emissions inventory itself.
Furthermore, Table 8 shows that some of the ammonium
overprediction in North America and underprediction of
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Figure 4. Scatterplot of simulated ammonia mixing ratios

versus observations taken from (a) the EMEFS database, (b)
polluted continental areas, and (c) remote continental areas.
Dashed lines indicate 2:1 and 1:2 ratios. The geometric mean
over all the ratios of simulated to observed mixing ratios
(GMR) is indicated.

ammonium in the polluted continental and marine data sets
must be ascribed to corresponding deviations in the sulfate
fields. Predicted ammonium mixing ratios for Europe, on the
other hand, seem distinctly high, although some allowance has
to be made for the fact that the EMEP 1990 database represents
fewer sites than the others. It is also worth noting that relative
to sulfate, ammonium is overpredicted in all the data sets
except the remote continental.

Excessive ammonium nitrate formation is one potential
explanation for the high predicted ammonium levels in Europe.
Ammonium overprediction is strongest in Europe, the area
with the highest ammonium nitrate concentrations. As we will
see later, simulated nitrate concentrations for Europe are also

13,809

high compared with observations, further suggesting that
ammonium nitrate in Europe is overestimated in the model.

Comparing predicted gas phase ammonia concentrations to
observations is more problematic than doing so for ammonium.
Fewer data are available, and risk of contamination [Quinn et
al., 1987] makes sampling gas phase ammonia much more
difficult. Since ammonia partitions preferentially into the
particle phase, errors in modeling sulfate and ammonium tend
to compound ammonia modeling errors. If total ammonium and
sulfate concentrations are roughly in balance, a small
overprediction of sulfate or a low estimate of ammonia
emissions will dramatically lower the predicted concentration
of gas phase ammonia, and vice versa. Finally, the lifetime of
gas phase ammonia is significantly shorter than those of sulfate
and ammonium, so even stronger concentration gradients exist.
Figure 4 shows scatter plots of how simulated ammonia mixing
ratios compare with observations taken from EMEFS and the
literature. No scatter plots are shown for the EMEP and
marine databases, since they represent only four sites between
them.

Roughly 40% of the simulated ammonia mixing ratios are
within a factor of 2 of the literature observations, and the
geometric mean ratio of 1.95 for the comparison indicates a
significant high bias in the simulated values. While many of
the simulated ammonia mixing ratios compare well with the
EMEFS database, the GCM simulation does not seem to
exhibit as much variability as the observational data. In
particular, predicted ammonia mixing ratios uniformly exceed
observations at a number of sites. A close examination of the
EMEFS database, however, demonstrates that much of the
variability in observed ammonia concentrations occurs on
spatial scales that the GCM cannot resolve. The three GCM
grid cells with the most sites had 16, 8, and 6 EMEFS
observational sites. Observed ammonia mixing ratios in these
grid cells ranged from 47 to 1782 pptv, 61 to 574 pptv, and
164 to 1044 pptv, respectively; thus observed ammonia
mixing ratios varied by an order of magnitude or more on the
subgrid scale. Predicted ammonia mixing ratios for these three
cells were 612, 442, and 854 pptv, which are within the
respective ranges of observed values.

Figure 5 shows the annual average ammonia budget for the
global troposphere. Nearly half of the 53.6 Tg N of ammonia
emitted each year is taken up by the aerosol phase. As a result,
the deposition flux of gas phase ammonia is almost exactly the
same as that of particulate ammonium. However, 72% of NH;
total deposition is dry, while 75% of NH," deposition is wet.
Only 1.1 Tg N yr' of ammonia, about 2% of emissions,
undergoes reaction with the OH radical. This is lower than
the value of DC94, 1.8 Tg N yr'! because of the current lower
ammonia burden. As expected, the lifetime of particulate
ammonium, 4.2 days, is longer than that of gas phase ammonia,
1 day. The lifetime of NH, (NH3 + NH4*) is 3 days. The NH,*
lifetime is similar to that calculated by DC94, 4.5 days. On the
other hand, the DC94 ammonia lifetime, 2.1 days, is
significantly longer than that predicted here. Our lifetimes
with respect to ammonium formation and wet deposition are
both about half of those implied by the budget figures of
DC94, while the lifetime of NH; with respect to dry deposition
is one third of the corresponding value in DC9%. Dry
deposition, wet deposition, and gas-to-particle conversion
therefore all contribute to the lower NHj lifetime in our model,
with the contribution of dry deposition being somewhat more
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Reaction with OH
1.1 (1.3) Tg Niyr

Gas fo patticle

Emissions conversion +
53.6 Tg Niyr N H3 26.1 (22.4) Tg Niyr N H 4
4’
0.14(0.17) TgN 0.30(0.28) TgN
0.93 (1.2) days 4.2 (4.6) days
Dry Deposition Wet Deposition Dry Deposition Wet Deposition
19.0 (20.5) 7.4(9.4) 6.6 (5.6) 19.5 (16.8)
Tg Niyr Tg Niyr Tg Niyr Tg Niyr

Figure 5. Global and annual average ammonia budget. Arrows indicate net fluxes. Burdens and lifetimes of

ammonia and ammonium are shown in their respective boxes.

sensitivity study in which nitric acid is neglected.

important. DC94 used a canopy compensation point concept
to model emission from and dry deposition to the soil-
vegetation complex, and this difference in accounting means
our budget figures are not directly comparable. Other
differences in dry deposition between the two models could
result from different surface layer thicknesses as well as
differing ways in which the respective models - estimate the
aerodynamic resistance to dry deposition. DC94 wuvsed a
parameterized treatment of wet deposition based on a
climatology of precipitation rates, which can be expected to
lead to very different results from the GCM treatment of
precipitation and wet deposition used here. Finally, DC9%4
limited ammonia uptake by sulfate aerosols to a point where
the molar ratio of ammonium to sulfate was 1.5. We allow
neutralization of sulfate (and nitrate) to occur according to
thermodynamic equilibrium. Later, we show that the aerosol is
almost completely neutralized in many regions with high
ammonia emissions. This additional uptake of ammonia,
beyond that allowed by DC94, also contributes substantially
to the shorter lifetime of ammonia in our model.

As aresult of the longer lifetime of NH;" than NH;, on an
annual average basis, there is about twice as much particulate
NH,4" as gas phase NH;. The calculated burden of NH," is 0.30
Tg N, while that of NH3 is 0.14 Tg N. DC94 report a similar
NH.," burden, 0.33 Tg N, but their NH; burden is nearly twice
as large, 0.26 Tg N. The reasons for the discrepancy in NH;
burden are the same as those discussed in regard to the
difference in NHj lifetimes. As a final note, comparing the
values for the standard model run with those from the
sensitivity run with zero nitric acid, shown in parentheses in
Figure 5, demonstrates that the formation of NH4NO; aerosol
has a modest effect on the overall ammonia budget by
converting an additional 3.7 Tg N yr' of ammonia to
ammonium.

3.4. Nitrate

Annual average mixing ratios of nitrate aerosol are shown in
Plate 3c. We predict a large area of significant nitrate aerosol
formation in Europe, with smaller areas in China and the
eastern United States. Nitrate mixing ratios exceed 1 ppbv (1
ng m” NO;~ =400 pptv NO; ™ at 298 K and 1 bar) in these
regions. Most continental areas in the Northern Hemisphere
have nitrate mixing ratios exceeding 100 pptv. In the
Southern Hemisphere, this is only true in highly localized

Values inside parentheses are taken from a

areas, such as parts of South America and South Africa. Marine
mixing ratios of nitrate aerosol are negligible (less than 1
pptv) nearly everywhere. Nitrate concentrations decrease
rapidly up to the middle troposphere but show a modest
increase in the upper troposphere and lower stratosphere.
This increase results from higher HNO; concentrations near
the tropopause, as well as an increased solubility of HNO; in
the aerosol phase at lower temperatures.

Two different types of aerosol nitrate formation occur. At
midlatitudes and near the surface, where temperatures are
warmer, thermodynamic considerations require that aerosol
nitrate occur only as neutralized ammonium nitrate. Nitrate
formation in developed arecas therefore is enhanced by
available ammonia and reduced by the presence of sulfate,
which reacts preferentially with ammonia. In colder areas near
the poles and in the upper troposphere, the solubility of nitric
acid in water is high, and aerosol nitrate occurs here despite
the lack of available ammonia to neutralize it. Sulfate enhances
the formation of aerosol nitrate in cold areas by providing the
aerosol water that solvates the nitric acid.

For several reasons, comparing simulated nitrate
concentrations to observed values is also problematic. First,
there are fewer observations of nitrate than of sulfate and
ammonium. Second, as described above, there is uncertainty in
the HNO; fields taken as input for this model, especially in
remote areas. Another potential problem is that particulate
nitrate may evaporate from filter packs, and the resulting
measurements may be biased by as much as 24% [Pakkanen et
al, 1999]. Finally, formation of nitrate aerosol in the
boundary layer depends on the availability of excess ammonia
beyond that required to neutralize sulfate. As a result, nitrate
concentrations in the model can be sensitive to small errors in
predicted ammonia concentrations. Comparisons of predicted
and observed annual average nitrate mixing ratios are shown
in Figure 6. Most of the model predictions are within a factor
of 2 of the EMEP observations. We seem to overpredict nitrate
aerosol in Europe, although this is difficult to assess based on
the few observations available. In North America, predictions
match observations at many locations but tend to overestimate
at sites with low levels of observed nitrate. The most serious
discrepancy ' between simulated nitrate mixing ratios and
observations occurs at marine locations. Here the model
predicts nitrate mixing ratios of about 1 pptv or less, while
mixing ratios of 50-500 pptv are typically observed. This is
attributed to the absence in the model of sea salt upon which
nitric acid is known to condense. Predictions seem too low
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Figure 6. Scatterplot of simulated nitrate mixing ratios versus observations taken from (a) the EMEFS
database, (b) the EMEP database, (c) polluted continental areas, (d) remote continental areas, and (¢) marine

areas. Dashed lines indicate 2:1 and 1:2 ratios.
observed mixing ratios (GMR) is indicated.

when compared with observations of nitrate in polluted and
remote continental areas, but it is difficult to draw any
meaningful conclusions from a comparison between GCM
output and short-term observations.

Besides the absolute concentration of nitrate aerosol, it is
also interesting to examine the partitioning of total nitrate, gas
and aerosol, between the two phases. Plate 4a shows the
percent of total nitrate occurring in the aerosol phase. We
note that throughout most areas of the atmosphere, less than
10% of total nitrate is in the aerosol phase. However, the
availability of excess ammonia, beyond that which is
necessary to neutralize sulfate, drastically changes this
situation in key areas. More than half of total nitrate is found
in the aerosol phase in eastern Asia, across a broad area of
Europe and into western Russia, as well as in the North

The geometric mean over all the ratios of simulated to

American Midwest. In contrast, nitrate does not partition as
strongly into the particle phase in other areas with similarly
high gas phase ammonia concentrations, such as Brazil, India,
and equatorial Africa, where warmer temperatures make
gaseous nitric acid thermodynamically more favorable. At
least 10% of total nitrate is found in the aerosol phase
throughout most continental arcas in the northern
midlatitudes. The only marine areas where more than 10% of
nitrate is found in the aerosol phase are polar regions, where
HNO; is soluble in aerosol water because of the cold
temperatures. Partitioning of HNO; into the aerosol phase
decreases with altitude up through the lower to middle
troposphere because of a lack of free ammonia, but increases
again in the upper troposphere because of the enhanced
solubility of nitric acid in aerosol water at colder
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Plate 6. (a) Annual average aerosol mass mixing ratios. (b) Nitrate enhancement of total aerosol mass (ratio of

| 180 —180
~10. 30. 100.300. 4 .5 .6 .7

annual average aerosol mass to that assuming no HNO;). Above each plot, the pressure level of the
corresponding model layer is indicated, as is the average value for that layer.
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temperatures. The only exception to this behavior is India,
where less than 10% of nitric acid occurs as aerosol in the
model surface layer but over 50% occurs as aerosol at around
400 mbar. This can also be explained in terms of free NH3 and
temperature. High concentrations of free NH; exist near the
surface in India, but warm temperatures prevent the formation
of nitrate aerosol. In the colder middle troposphere the area
above India is the only region with sufficiently high
concentrations of free NH3 for nitrate formation.

3.5. Interactions Among Species

Having calculated global concentration fields for sulfate,
nitrate, and ammonium, we would like to explore to what
degree the acidic aerosol species, sulfate and nitrate, are
neutralized by particulate ammonium. We define degree of
neutralization (DON) as the equivalents of basic species

divided by the equivalents of acidic species,

[~u]]

DON=—F— -7+
2|SO; | +|NO; |

C))

The degree of neutralization is analogous to the ammonium-
sulfate molar ratio for a system without nitrate. A
neutralization of 100% indicates that all sulfate and nitrate
exist as ammonium sulfate and ammonium nitrate, respectively.
A lower neutralization indicates a more acidic aerosol. Note
that ammonium, sulfate, and nitrate are not the only particulate
species that contribute to the pH of the aerosol phase. For
example, formic and acetic acids are sometimes the dominant
sources of acidity in precipitation in remote areas [Talbot et
al, 1992; Seinfeld and Pandis, 1998], so the degree of
neutralization does not exactly correspond to pH. The degree
of neutralization of the global aerosol is shown in Plate 4b.
Near the surface, the results show a high degree of spatial
variability with a pattern that does not neatly correspond to a
typical division among industrialized, remote continental, and
marine areas. Values of the degree of neutralization range from
a low around 10% for Antarctica to completely neutralized for
large regions of the globe centered around the equator. This
pattern of aerosol neutralization could not be captured except
in a three-dimensional transport model with an aerosol
thermodynamic calculation.

Aerosols in the continental areas with the highest ammonia
emissions, China, India, eastern Europe, and central North
America, are all nearly completely neutralized. For the most
part, areas with high ammonia emissions, usually a product of
intense agricultural activity, generally correspond to
industrialized areas that have high sulfate concentrations. The
acrosol in industrialized areas of Europe and China therefore
tends to be neutralized. This is not the case in the eastern
United States where ammonia emissions are not sufficient in
magnitude, and occur somewhat too far westward, to
completely neutralize the aerosol here. In some remote
continental areas, such as South America and equatorial Africa,
the aerosol is completely neutralized, while in other areas,
such as Siberia, the aerosol is less than half neutralized. The
large amount of excess NH; over India produces an interesting
result. Here there is a small area with a “neutralization” that
exceeds 100%, indicating that NHs; concentrations are
sufficiently high not only to neutralize the suifate and nitrate,
but also to force an extra amount of ammonia into the aerosol
phase via Henry’s law solubility.
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The degree of neutralization over the oceans reflects the
balance between DMS and ammonia emissions. The pattern of
the oceanic gyres can be seen in Plate 4b, with the aerosol in
the more biologically active gyres tending to be neutralized to
a greater degree than that found in the central oceans. While
this result is highly uncertain because of the large
uncertainties associated with oceanic emissions, it seems to be
consistent with the observations found in Table 7.

Despite considerable variability of the degree of aerosol
neutralization within both continental and marine areas, it is
worth pointing

aerosol is

out that, on average, continental aerosol is
more neutralized than marine. The model predicts this result,
which is consistent with observations, because of its realistic
thermodynamic treatment of gas-aerosol partitioning.

A final observation is that the degree of neutralization of the
aerosol decreases with aititude. This is expected because
suifate and nitrate are both produced via gas phase and

heteroeeneous

ACICrogencons LN

atmosphere,
whereas ammonia is emitted at the surface and has no sources
above the surface. As a resuit, upper tropospheric aerosol
tends to be more acidic than that at the surface. The decrease in
the degree of neutralization, however, is not drastic, from an
average of 63% near the surface to 40% at the tropopause.

In order to make a general assessment of the relative
importance of nitrate as an aerosol constituent, Plate 4c shows
the global molar ratio of aerosel nitrate to sulfate. Over most of
the globe, molar concentrations of nitrate aerosol are small
compared with those of sulfate (the average value is less than
10%), but nitrate is regionally important in eastern Asia,
EBurasia, and the North American Midwest. In these areas,
there is as much nitrate as sulfate on a molar basis. These
nitrate “hotspots” disappear rapidly with altitude; even in the
second model layer near 900 mbar, these are only faint echoes
of their surface values. In the upper troposphere and lower
stratosphere, nitrate becomes significant once again. Here,
however, instead of localized areas of extreme importance,
nitrate has a more modest importance across a much larger area.

With respect to gas-aerosol sulfate-nitrate-ammonia
equilibrium, Ansari and Pandis [1998] have defined the gas

ratio (GR) as
[ ]

o= [HNOH )

[nu]] - 2fso] ]

[1no; ]

&)

where [HNO;™] is the total (gas plus aerosol) nitric acid
concentration, [NH;"] is the total (gas plus acrosol) ammonia
concentration, and [SO4¥] is the sulfate concentration. Free
ammonia, [NH;F], is the amount of ammonia available, after
neutralizing sulfate, for ammonium nitrate formation. The
significance of the gas ratio is that it indicates which reactant,
ammonia or nitric acid, limits the formation of ammonium
nitrate. A gas ratio that is greater than 1 indicates that nitric
acid is limiting, while a ratio between 0 and 1 indicates that
while some ammonia is available for reaction with nitric acid,
ammonia is limiting. A gas ratio that is less than 0 indicates
that ammonia is severely limiting. In this case, formation of
ammonium nitrate is impossible because all ammonia will first
react with sulfate.

Plate 5a shows the global gas ratio computed from annual
average concentrations. On an annual average basis,
throughout most of the atmosphere, there is no free ammonia, so
ammonium nitrate formation generally does not occur. Note
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that even in locations where the gas ratio, based on annual
average concentrations, is less than zero, free ammonia may
exist during certain parts of the year, and ammonium nitrate
formation can occur during those times.

However, free NH; exists on a regular basis in many of the
most populated areas of the globe. Ammonium nitrate formation
in the areas with the highest nitrate concentrations, Europe,
China, and the American Midwest, is generally limited by
HNOs concentrations. It is not surprising to see that other
areas with high ammonia NHjs, such as Brazil and India, have
high gas ratios. The concentrations of ammonium nitrate in
these areas could increase dramatically given an increase in
HNO; concentrations. On the other hand, ammonia tends to be
limiting in remote continental and marine areas. The gas ratio
decreases with altitude because, for reasons discussed above,
the concentrations of total ammonia decrease more rapidly than
those of sulfate.

3.6. Aerosol Water

Annual average mixing ratios of aerosol water are shown in
Plate 5b. Broadly speaking, there are no major surprises in
this picture. Aerosol water mixing ratios are usually highest
in industrialized areas with high sulfate concentrations,
reaching values greater than 100 ppbv in Europe. Aerosol
water mixing ratios in continental areas are greater than 1
ppbv almost everywhere. Low mixing ratios of aerosol water,
100 to 300 pptv, are found in the areas of lowest sulfate
concentrations, the remote Pacific and Indian Oceans. Marine
mixing ratios may be as high as 10 ppbv, however, in cold
areas with high sulfate concentrations. It is clear from this
figure that aerosol water content decreases rapidly with
altitude, even more rapidly than sulfate concentrations. The
average aerosol water mixing ratio at 200 mbar is 2% of
the surface value. Obviously, relative humidity plays an
important role here. A close comparison of aerosol water and
sulfate concentrations shows that even in the lowest model
layer, sulfate concentration is not the only parameter with a
significant effect on aerosol water. Both relative humidity and
presence of nitrate are also important.

The effects of relative humidity and nitrate level can be more
clearly seen in Piate 5c. Plate 5¢ shows the molar ratio of
water to sulfate, which varies by roughly 2 orders of
magnitude as a result of water uptake by nitrate as well as the
effects of relative humidity and degree of neutralization. For
example, a region of very dry aerosol over the desert area
extends from northwestern India, past Saudi Arabia, and
through northern Africa. Aerosol transported from Europe to
this dry area will be less effective at radiative forcing than
acroso] that remains in more humid areas. The molar ratio of
water to sulfate is apparently very high in Europe (greater
than 100 mol of water per mole of sulfate), but this is mostly
due to water uptake by aerosol nitrate. Finally, there is a small
band of enhanced sulfate concentrations in the Southern
Ocean between South America and Antarctica, which is
mostly unneutralized. Plate 5¢ shows how this unneutralized
sulfate is more efficient in taking up water than is neutralized
sulfate. These results are important because most studies of
radiative forcing due to sulfate aerosol have assumed a uniform
water uptake per mole of sulfate. Although local variations in
water uptake due to composition and relative humidity may
not significantly alter global and annual average forcing, they
can distinctly change its spatial distribution.
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3.7. Aerosol Mass

Aerosol mass mixing ratio, the sum of all aerosol
components considered here (sulfate, nitrate, ammonium, and
aerosol water), is shown in Plate 6a. Highest aerosol mass
mixing ratios predicted by the model occur in central Europe,
where they exceed 100 ppbm, but mixing ratios exceed 30
ppbm over a much larger area as well as in China and around
the Great Lakes in North America. Aerosol mass mixing ratios
exceed 1 ppbm nearly everywhere in the Northern Hemisphere,
whereas marine areas in the Southern Hemisphere generally
exhibit mixing ratios less than 1 ppbm. It is interesting to
note the band in the Southern Ocean around Antarctica where
acrosol mixing ratios exceed 3 ppbm. Sulfate aerosol produced
by oxidation of DMS in this region is highly acidic, being a
mixture of sulfuric acid and ammonium bisulfate, which is
especially hygroscopic at the colder temperatures found
around Antarctica. The remote Pacific and Indian Oceans
show the lowest aerosol mass mixing ratios, 100 to 300 pptm.
As expected, acrosol concentrations quickly decrease with
altitude and are about an order of magnitude lower at the
tropopause than at the surface.

3.8. Seasonal Cycles

Seasonal cycles in sulfate concentrations, total nitric acid
concentrations, ammonia emissions, temperature, and
precipitation can all give rise to seasonal cycles in ammonia,
ammonium, and nitrate concentrations. Here we examine the
temporal behavior of the GCM predictions.

Figure 7 shows the seasonal cycles in simulated sulfate,
nitrate, ammonium, and ammonia mixing ratios compared with
observations at four EMEFS sites. In order to focus on the
seasonal behavior of nitrate, ammonium, and ammonia, these
sites were chosen because their simulated sulfate cycles
closely resemble observations. In North America, sulfate
concentrations typically peak during summer or early fall
because higher OH and H>O; concentrations in those
months rapidly oxidize sulfur dioxide to sulfate. Since most
ammonium is formed via uptake by sulfate aerosol, the
observations show that ammonium concentrations tend to
follow the same pattern of high summer concentrations.
Formation of ammonium nitrate, on the other hand, is
thermodynamically favored at lower temperatures, such that
nitrate mixing ratios are 4-8 times higher during the winter at
the sites shown here. Ammonia concentrations are low during
the winter because emissions, which are primarily from
agricultural activities, are also lowest then.

The most striking thing about the comparison of model
behavior with observations is the nitrate concentrations,
which are too high at the New York sites throughout the year
and too high at the other sites during winter. The excessive
amount of nitrate formation produces corresponding
discrepancies in the ammonium concentrations. One
explanation for the overestimation of NH4NOjs is that there is
too much total ammonia, aerosol, and gas phase. The
observations show that formation of NH4NO3 is suppressed
during winter by the lack of free ammonia, as evidenced by the
low gas phase NH; concentrations. In the model, on the other
hand, gas phase NH; is too high throughout the year at Ithaca
and Piseco, resulting in high nitrate concentrations. In fact,
predicted concentrations of NH; tend to be highest during
some of the winter months, allowing formation of ammonium
nitrate. The model is therefore sensitive to the balance between
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ammonia and sulfate, and excess ammonia can dramatically
increase nitrate concentrations.

4. Sensitivity Studies

To determine the effect of nitrate on total aerosol mass, a
sensitivity study was performed in which the nitric acid
concentration ficlds were set to zero. After generating annual
average concentrations in the absence of nitrate, the total
aeroso! mass concentrations of this sensitivity study were
compared with those of the base run. By comparing total
aerosol mass, we see not only the additional mass of the nitrate
ion itself, but also the mass of any accompanying ammonium
and water. Plate 6b shows the ratio of total aerosol mass in
the presence of nitric acid to that calculated in its absence.
all
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processes affecting tracer concentrations, a certain amount of
noise is introduced into the comparison in the form of
physically insignificant variability between runs. Although
this noise is visible in the results, it is small in comparison
with the effects we are examining.

Plate 6b shows that nitric acid has the most substantial
effect on aerosol mass in and around the developed regions of
the Northern Hemisphere. Accumulation mode nitrate
formation does not substantially affect total aerosol mass in
marine areas. In a large part of Europe and extending into
Russia, acrosol mass concentrations in the model are more than
double what they are in the absence of nitrate formation. The
effect of nitric acid in eastern Asia is more modest, but stili
significant. Here, nitrate formation increases total aerosol mass
between 50% and 100% in the most heavily influenced areas,
and by at least 20% throughout the rest of the region. In the
eastern United States the effect may be 20% to 50% or more,
but HNO; affects central North America more strongly. In this
area, with its high NH; emissions and relatively lower sulfate
concentrations, ammonium nitrate formation is favored, and
total aerosol mass more than doubles because of the presence
of nitric acid. Since the particulate nitrate concentrations
presented here seem to be higher than those observed, these
estimates should be considered upper limits.

Another result to note is the influence of nitrate above
India, where it is fairly unimportant near the surface, but has a
more significant effect in the middle troposphere. In most other
areas of the world, gas phase NH; mixing ratios exceed 1 ppbv

do
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only near the surface and in the boundary layer. Above India,
however, the high ammonia emissions and relatively low
sulfate concentrations result in significant amounts of gas
phase NH3 penetrating into the middle troposphere, allowing
the formation of NH4NO; aerosol at a higher altitude than
anywhere else.

For reasons already mentioned above, nitrate formation is
most important near the surface, where it increases total
acrosol mass by 12% on average, and declines in importance
to an average increase of 3% around 700 mbar. Nitrate
importance increases again as one approaches the tropopause
where it increases aerosol mass by 19%.

Total aerosol mass may be a nonlinear function of the
availability of the various precursors: sulfur, nitric acid, and
ammonia [West et al, 1998]. For example, as sulfate
concentrations decline, perhaps because of lower suifur
emissions, total aerosol mass may not decrease linearly if this
decrease frees ammonia that is able to react to form ammonium
nitrate. The GCM simulation allows us to examine the
sensitivity of total aerosol mass to the availability of
precursor species.

In a set of six sensitivity runs, we integrate the model
through 1 year during which the availability of one of the
three precursors, sulfur, ammonia, and nitric acid, is either
increased or decreased by 25%. In the cases of sulfur or
ammonia, this was accomplished by uniformly scaling global
emissions. For nitric acid, the input concentration fields were
changed by 25%. Table 9 shows the annual average global
burden of the various aerosol species for the base run, the six
sensitivity runs just described, as well as the sensitivity run
without HNOs.

In the standard scenario, the global burden of inorganic
aerosol ions is 2.6 Tg. With 4.9 Tg of accompanying aerosol
water, the total global aerosol burden is 7.5 Tg. Globally
averaged, water makes up about two thirds of aerosol mass.
The scenario without nitrate indicates that the total aerosol
burden would be about 11% lower in the absence of nitric
acid.

The six precursor sensitivity runs show that while total
acrosol mass in certain regions of the globe may exhibit a
nonlinear dependence on sulfate concentrations, most regions
of the globe display a linear dependence on sulfate
concentration. Nonlinear behavior is observed only in
regions with substantial amounts of ammonium nitrate. As a

Table 9. Global and Annual Average Aerosol Burdens for Base Run and Sensitivity Cases

. No Base S Emissions [HNOs] NH; Emissions
Species Nitrate Run 25% +25% 25% +25% 25% +25%
Aerosol Burden in Teragrams
SO 2.11 2.09 1.52 2.62 2.03 2.08 2.08 2.07
NO5. 0.13 0.15 0.11 0.1 0.15 0.09 0.17
NH, 0.37 0.39 035 0.41 0.38 0.39 0.32 0.45
H,O 423 4.88 3.85 5.89 4.68 497 4.85 49
Total 6.71 7.49 5.87 9.03 7.19 7.59 7.34 7.59
Aerosol Burden as Percent of Base

SO~ 101 100 73 125 97 100 100 99
NO;; 0 100 115 85 77 115 69 131
NH, 95 100 90 105 97 100 82 115
HO 87 100 79 121 96 102 99 100
Total 90 100 78 121 96 101 98 101
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result, the global aerosol burden responds nearly linearly
with changes in sulfur emissions and is insensitive to changes
in ammonia emissions or nitric acid concentrations.

Changes in sulfate concentrations are virtually linear with
changes in sulfur emissions. Although changes in nitrate
concentrations do partly compensate for changes in sulfate
concentrations, this has a small effect on the global burden.
As for ammonium concentrations and water content, these are
more affected by sulfate than nitrate, so they decrease when
sulfate decreases, and vice versa. The net result is that the
total aerosol burden changes by about 20% for a 25% change
in sulfur emissions. However, in areas where nitrate formation
is important, such as Europe as well as parts of North America
and China, the change in aerosol mass due to a 25% change in
sulfur emissions is only 5-10%. This implies that in the
polluted regions that are most interesting when discussing
anthropogenic perturbations to the atmospheric aerosol
system, nitrate aerosol needs to be accounted for when
assessing the results of declining sulfur emissions (Metzger et
al., submitted manuscript, 1998).

Aerosol nitrate concentrations change nearly linearly with
changes in nitric acid concentrations, but the concentrations
of other aerosol components are practically unchanged.
Changes in ammonia emissions affect ammonium
concentrations by 15% in the case of an increase and by 20%
in the case of a decrease. Nitrate concentrations are affected by
changes in ammonia emissions even more strongly than
ammonium concentrations are, but sulfate concentrations and
aerosol water content are nearly unchanged. Since sulfate and
water constitute over 90% of aerosol mass, even 25% changes
in nitric acid concentrations or ammonia emissions have little
effect on total aerosol mass, since they have little effect on
these two important components.

5. Conclusions

The global tropospheric sulfur and ammonia cycles,
including emissions, chemistry, and wet and dry deposition,
have been simulated together online in the GISS GCM II-
prime. The local ammonium, nitrate, and water present in the
aerosol at equilibrium for the conditions of temperature and
relative humidity in each GCM grid cell have been calculated
over a typical year. The output of a photochemical CTM has
been used to specify the total amount of nitric acid available as
a function of location and month. Concentrations of ammonia,
ammonium, and nitrate simulated by the GCM have been
compared with long-term surface observations made in North
America and Europe, as well as to short-term observations in
other regions and at higher altitudes.

The two factors ‘that most strongly influence simulated
ammonium concentrations are ammonia emissions and sulfate
concentrations. Ammonium concentrations were high in most
areas with high sulfate concentrations because these areas
typically also have high ammonia emissions. Simulated
ammonium concentrations were generally within a factor of 2
of annual average observed values. Ammonium concentrations
were sometimes overestimated when associated with formation
of nitrate aerosol. This seems to be the case in Europe,
where the greatest tendency to overestimate ammonium
concentrations occurred, as well as at some locations in North
America.

Gas phase NH3 concentrations are high in areas with high
ammonia emissions, particularly if little sulfate is present.
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Ammonia concentrations are found to be highest globally in
India. High ammonia concentrations are found almost
exclusively within the boundary layer and decrease rapidly
with altitude. Although our lowest model layer is only half as
thick as that of DC94, our boundary layer resolution is still
relatively coarse. This complicates comparison between
model-generated surface layer concentrations and ground
observations. It also introduces uncertainty into the
calculated vertical transport of species in the boundary layer
where the concentrations are largest, especially gas phase
ammonia, which has the strongest vertical gradient.
Simulated NH3 concentrations did not compare as well with
observations as did NHs* concentrations. The ammonia
concentration predicted by the model was within a factor of 2
of the observed value at just under half of the sites considered
here. Much of the difficulty in comparing predicted ammonia
concentrations with observations stems from its short lifetime,
which implies that strong concentration gradients exist on
spatial scales that the GCM cannot resolve.

It is estimated that about half of the 53.6 Tg N yr' of
ammonia emissions is taken up by the aerosol phase to form
ammonium. Ammonium has a longer lifetime, about 4 days,
than ammonia, which has a lifetime of just 1 day. Three quarters
of ammonia deposition occurs via dry processes, while wet
deposition removes a similar fraction of ammonium from the
atmosphere. Although the concentrations of ammonia and
ammonium are similar in the model surface layer, the total
tropospheric burden of ammonium, 0.30 Tg N, is about twice
that of ammonia, 0.14 Tg N.

Substantial amounts of nitrate formation occur in polluted
continental areas, especially during winter. In these areas,
nitrate formation depends on the availability of ammonia in
excess of that needed to neutralize sulfate. Nitrate and
associated ammonium and water account for as much of the
total aerosol mass as sulfate in midwestern North America as
well as in a broad region of Europe and western Asia.
Comparison with observations shows, however, that these
predicted nitrate concentrations are high. On a global basis,
the contribution of nitrate, with associated ammonium and
water, to total aerosol mass is much smaller, only 11%. In
marine areas, simulated nitrate concentrations are low in
comparison to observations because uptake of nitric acid by
sea salt is neglected in this work. In cold areas, such as in
polar regions and the upper troposphere, nitrate aerosol can
form in the absence of free ammonia because of its high
solubility in water at lower temperatures.

Aerosol water content was generally highest in areas with
high sulfate concentrations, although the effects of relative
humidity and nitrate can also be seen. Because of these two
factors, the amount of aerosol water uptake per mole of sulfate
varied by 2 orders of magnitude. An accurate assessment of
aerosol composition and water content is essential for a
rigorous determination of the spatial distribution of aerosol
radiative forcing.

The total global aerosol burden, including sulfate, nitrate,
ammonium, and water, was estimated to be 7.5 Tg. Water
constitutes, by itself, two thirds of the total aerosol mass,
while the sulfate ion accounts for about 28%. The
contributions of ammonium and nitrate to the overall burden
were much lower, 5% and 1.7%, respectively. Several
sensitivity runs were performed in which ammonia emissions,
sulfur emissions, and nitric acid concentrations were each
increased or decreased by 25% to evaluate how aerosol
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formation responds to changes in its precursors. Changes in
sulfur emissions have by far the largest impact on the global
aerosol burden, with a 21% increase and 22% decrease,
corresponding to a 25% increase and decrease in emissions,
respectively. The effect of changing sulfur emissions on the
global aerosol burden is very close to, but not quite, linear,
because in polluted midlatitude regions, opposing changes in
nitrate concentrations partly compensate for changes in sulfate
levels. Nitrate therefore needs to be taken into account when
calculating the total aerosol mass in anthropogenically
influenced areas, or when predicting how aerosol mass will
respond to changes in suifate concentrations in these areas.
Changes in HNO; concentrations have an effect on the nitrate
burden, and changes in NH; emissions influence both the
nitrate and ammonium burdens, but have little effect on total
acrosol mass, which is dominated by water and sulfate.

The results of this study suggest several avenues for
improvement and future research. First, the ammonia
emissions inventory and nitric acid concentration fields need
improvemeni to bring the amount of ammonium nitrate
formation in the model into better agreement with the limited
available observations. For example, both ammonia and
ammonium tend to be too high in the simulation compared
with EMEFS observations, indicating that the GEIA ammonia
emissions inventory may simply be too high. Since formation
of nitrate aerosol is sensitive to the availability of free
ammonia and to the amount of total nitric acid present,
observations of nitrate concentrations could provide a useful
constraint on ammonia emissions and photochemical models.
In particular, the correlation between high winter nitrate
concentrations and high ammonia concentrations suggests
that ammonia emissions may be too high during that time of
year. Second, more long-term observations, especially outside
North America and Europe and of ammonia and nitrate, are
required to better evaluate global simulations. A greater
density of observational sites can help eliminate the problem
of subgrid variability that arises when comparing output from
such a large-scale model with observations because of the
short lifetimes of aerosol ions and ammonia. Another
improvement that could be made would be to simulate nitric
acid in a way that is more consistent with the rest of the
acrosol simulation. Ideally, the simulation of the sulfur and
ammonia cycles presented here would be fully coupled to a
photochemical model. Another possibility would be to use
production rates of nitric acid taken from a photochemical
CTM as input to this model. In that case, gas phase nitric acid
and particulate nitrate would be included in the GCM as
tracers, and their transport, deposition, and chemical
destruction (i.e., photolysis of gas phase nitric acid) would be
explicitly included in the GCM simulation. This would allow
the wet and dry deposition schemes to take into account the
gas-aerosol partitioning of total nitrate and the GCM to
calculate a total nitrate budget rather than just the burden of
particulate nitrate. Finally, a natural extension of the present
work is to evaluate the effect of variable aerosol composition
and water uptake on global and regional radiative forcing.
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